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ABSTRACT

Aging is characterized by an increase in inter-individual variability in cognitive
capacity. Slight decrements in learning and memory emerge; however, age-related shifts
in attentional function remain controversial. In pathological aging, however, attentional
dysfunction is prominent and the circuitry critical to signal detection and thus attention as
a whole, the corticopetal cholinergic system, exhibits substantial disruption and
deterioration. One contributing factor to cholinergic dysfunction is the loss of
neurotrophic support, specifically nerve growth factor’s high-affinity receptor
tropomyosin-related kinase A (trkA). Previous cross-sectional studies demonstrated that
reduced trkA receptor levels selectively impaired attentional capacity in aged rats.
However, it remains unclear if reduced trkA receptors in the basal forebrain (BF) interact
with aging to elicit these attentional deficits. Thus developmental suppression of trkA
receptors on attentional capacity and BF cholinergic markers was examined, with the
expectation that attentional deficits would emerge earlier in trkA-suppressed rats and
cholinergic integrity would be altered. Despite persistent trkA suppression and reduced
cholinergic cell size in 6-week-old rats, aged rats that were maintained on a cognitive
task throughout life exhibited comparable attentional capacity and stable cholinergic
markers compared to controls. Thus, activation of a compensatory mechanism may have
stabilized the attentional network. Due to continuous performance on the attentional task,
lifelong cognitive engagement may have served to bolster cholinergic integrity and
stabilize attentional function.
iii

To examine the role of compensatory mechanisms in aging and their interactions
with the attentional network, a consistently observed neural activation pattern in aging,
termed the anterior-to-posterior shift in aging (PASA), was evaluated. PASA is
characterized by enhanced frontal and reduced visual neural activity. Thus, the necessity
of cholinergic afferents to the maintenance of PASA was investigated, as well as the role
of PASA in stabilizing cognitive function in aging. If cholinergic afferents, specifically
those innervating the prefrontal and posterior parietal cortices (PFC; PC), were crucial to
PASA then partial cholinergic pruning of the PFC was expected to disrupt PASA and
produce attentional deficits. Prefrontal infusion produced attentional deficits in aged rats
regardless of infusion type, and elicited a corresponding age-related shift in neural
activity, with decreases in visual and increases in parietal cortical activation in aged rats.
Partial parietal cholinergic deafferentation impaired performance in both young and aged
rats and altered prefrontal cortical recruitment, which was correlated with attentional
performance in young rats. Increased recruitment of the attentional network was
associated with worse performance in aged rats. Thus, prefrontal and parietal cholinergic
afferents are not critical to PASA and increased activation may be representative of
reduced neural efficiency rather than compensation. Moreover, aged rats rely heavily on
the prefrontal cortex for attentional function, and aberrant prefrontal activity, via
generalized damage or disruption of parietal cholinergic inputs, is associated with
attentional impairments. Together these findings suggest that enhanced vulnerability of
attentional capacity due to prefrontal disruption arises in aging; however, activation of
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compensatory mechanisms, such as lifelong cognitive activity, may bolster cholinergic
integrity and stabilize cognitive function in aging.
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CHAPTER 1
INTRODUCTION
As the human population grows, the proportion of individuals 65 years old and
older is predicted to rise from 12.9% in 2015 to 19% in 2030 (Administration on Aging).
With rising age, subtle changes in physical and cognitive capacity emerge. Cognitive
function in aging displays heightened inter-individual variability, demonstrating that a
proportion of elderly exhibit normal cognitive function while a subset develop
impairments (Calhoun et al., 2004; Glisky, 2007; Young-Bernier et al., 2012b). The most
consistent age-related shift is reaction time, suggestive of decreased neural processing
speed (Dykiert et al., 2012; Cid-Fernandez et al., 2016; Yao et al., 2016). In addition to
response speed, normal aging is associated with impairments in perception, attention, and
memory, which may contribute to deficits in higher cognitive processing such as decision
making and executive function (Grady and Craik, 2000; Sarter and Turchi, 2002; Glisky,
2007; Ellis et al., 2009; Düzel et al., 2010; Young-Bernier et al., 2012a; Young-Bernier et
al., 2012b; Harada et al., 2013; Guest et al., 2015; Lufi et al., 2015). The challenge with
evaluating cognitive function in aging is the potential presence of non-healthy aged
individuals in the representative sample. The inclusion of elderly with varied life
experiences and/or subthreshold levels of cognitive impairments due to preclinical
manifestation of neurodegenerative diseases, possibly confound and skew the results
(Hedden and Gabrieli, 2005). However, it is currently impossible with the present
technology to parse apart those aged individuals in a preclinical stage of dementia from
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healthy aged individuals. This increase in variability due to limited exclusion capacity
may account for the mixed findings of cognitive impairments in normal aging.
A critical cognitive process subserving and impacting multiple higher-order
functions is attention (Sarter et al., 2001). Importantly, attentional function also exhibits
variable evidence for age-related impairments, with the strongest findings demonstrating
diminished attentional capacity under challenging and sustained conditions (Flicker et al.,
1992; McGaughy and Sarter, 1995; Burk et al., 2002; Herzog et al., 2003; McLaughlin et
al., 2010; Lufi et al., 2015; Navarro-González et al., 2015). Signal detection, or vigilance,
is the core feature to the larger construct of attention (Sarter et al., 2001). The system
crucial to optimal signal detection, and thus overall attentional function, is the basal
forebrain (BF) cholinergic neurons, originating in the nucleus basalis of Meynert and
projecting to the cortical mantle (Robbins et al., 1989; Berger-Sweeney et al., 1994;
Torres et al., 1994; Wenk et al., 1994; Sarter and Bruno, 1997; Sarter et al., 2003;
Croxson et al., 2011; Baxter et al., 2013). Cholinergic innervation optimizes signal
detection by facilitating neural processing of relevant information (i.e., signal) and
dampening neural processing of irrelevant information (i.e., noise) via modulation of
glutamatergic and gamma-aminobutyric acid (GABAergic) inputs in the cortex and
hippocampus (Ji and Dani, 2000; Alkondon and Albuquerque, 2001; Gu, 2003; Hasselmo
and McGaughy, 2004; Seeger et al., 2004; Sarter et al., 2006; Zheng et al., 2011; Griguoli
and Cherubini, 2012). Attention is directly attributed to activity of corticopetal
cholinergic afferents (Himmelheber et al., 2000; Arnold et al., 2002; Parikh et al., 2007;
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Howe et al., 2013) and ablation of these neurons produces robust attentional deficits
(McGaughy et al., 2002).
Substantial disruptions to the BF cholinergic system, however, are not implicated
in normal aging of rodents. No substantial changes in the synthesizing enzyme, choline
acetyltransferase (ChAT), are noted in spontaneously aged rats (Nakamura and Ohno,
1995). Despite declines in heteromeric binding sites of cholinergic receptors in aging,
homomeric receptors remain intact in aged rabbits (Woodruff-Pak et al., 2010).
Moreover, individual differences in receptor expression and binding account for
corresponding cognitive capacity in both young and aged rats, suggesting that this is not
an age-specific effect. Functionally, acetylcholine (ACh) release is diminished in aged
rats following sustained stimulation, mirroring the subtle deficits in attentional capacity
under straining conditions (Herzog et al., 2003). However, ACh neurotransmission is
comparable to young under baseline conditions. Reduced cholinergic signaling may be
indicative of reduced synaptic innervation noted in aging (Morrison and Baxter, 2012);
however, age-related synaptic loss has not been identified as cholinergic-specific.
Moreover, the strength of connectivity between the regions critically involved in the
attentional network weakens in aging, altering the communication within the circuit
(Song et al., 2014; Geerligs et al., 2015). However, recruitment of compensatory
mechanisms or additional circuits may stabilize attentional performance. Thus, under
baseline conditions attentional capacity remains stable, and the BF cholinergic system
itself appears to be relatively intact in normal aging.
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The findings of age-related attentional deficits may be due to a mixed population
of healthy and prodromal elderly in “healthy aged” samples. With age being a risk factor
for multiple diseases, such as cardiovascular disease, cancer, and neurodegenerative
diseases, the elderly population is at increased risk for exhibiting cognitive deterioration.
Attentional deficits emerge early in the prodromal period of Alzheimer’s disease (AD),
otherwise known as mild cognitive impairment (MCI; Belleville et al., 2007; Saunders
and Summers, 2011). Despite amnesia being the primary cognitive impairment cited in
MCI and AD, the incorporation of measures accounting for deficits in attention and
working memory strengthen the predictability of transitioning from MCI to AD
(Belleville et al., 2007; Summers and Saunders, 2012). Therefore, assessment of
cognitive capacity and attentional function specifically in aging may be contaminated
with early MCI cases due to less stringent exclusion criteria.
Corresponding deterioration of BF cholinergic neurons arises as MCI progresses
into AD. Various indicators of this phenotype-specific dysfunction are observed
throughout AD. Levels of ChAT decline throughout the cortical mantle in AD (Davies
and Maloney, 1976; Perry et al., 1977; DeKosky et al., 2002; Ikonomovic et al., 2003;
Ikonomovic et al., 2007). Cholinergic receptors, including subsets of both nicotinic and
muscarinic receptors, display altered expression levels (Flynn and Mash, 1986; Flynn et
al., 1995; Wevers et al., 1999; Banerjee et al., 2000; Burghaus et al., 2000; Guan et al.,
2000). These shifts in enzymatic activity and receptor expression suggest an imbalance in
cholinergic transmission in AD, which leads to suboptimal cognitive and behavioral
functioning associated with this neurotransmitter system. For example, significant
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correlations between cholinergic markers such as ChAT and cognitive function, including
attention and memory, have been noted in AD (Pappas et al., 2000). In addition, due to its
neuromodulatory role of glutamatergic and GABAergic signaling, cholinergic disruption
may impact the functionality of multiple circuits and lead to global cognitive deficits.
Rodents, on the other hand, do not naturally develop AD and comparisons
between normal and pathological aging models provide an important tool in
distinguishing between age-related cognitive decline and AD-specific impairments. The
distinct separation of these populations in rodents may explain the more subtle attentional
impairments present in aged rodents compared to the more robust attentional deficits
found in the human literature (McGaughy and Sarter, 1995; Burk et al., 2002; Herzog et
al., 2003; Wascher et al., 2012; Votruba et al., 2016). Moreover, control of additional
parameters, such as environment, disease exposure, and cognitive activity or level of
education, is a prominent advantage of utilizing rodent models in aging. These factors,
which are not consistently accounted for in a variety of human studies, may significantly
contribute to the presence and progression of cognitive decline in normal and
pathological aging.
Similar to AD patients, rodent models of AD exhibit significant attentional
impairments, as well as dysregulation and gradual degeneration of the BF cholinergic
neurons (Bartus et al., 1982; Perez et al., 2011). The neurobiological characteristics of
AD, which have been correlated with the cognitive impairments of attention and memory,
primarily include beta amyloid (Aβ) deposition and tau hyperphosphorylation
(Ikonomovic et al., 2009). These aberrant proteins develop in these rodent models in an
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age-dependent manner and are associated with cognitive deficits (Kitazawa et al., 2012).
Moreover, Aβ and hyperphosphorylated tau have also been linked to BF cholinergic
neuronal degeneration and reductions in neurotrophic support (Auld et al., 1998;
Ikonomovic et al., 2009; Mufson et al., 2014). Interactions between corticopetal
cholinergic neurons and the aberrant proteins in AD have been observed. For instance,
Aβ interacts directly with BF cholinergic neurons via receptors, including α7 nicotinic
acetylcholine receptors (nAChRs) and p75 receptors (Nagele et al., 2002; Wu et al.,
2008; Fombonne et al., 2009; Ikonomovic et al., 2009; Knowles et al., 2009; Ovsepian et
al., 2013). Aβ also impairs reuptake of choline at the synapse, potentially disrupting
synaptic transmission (Parikh et al., 2014). Hyperphosphorylated tau is observed in BF
cholinergic neurons prior to surrounding non-cholinergic neurons (Vana et al., 2011).
These interactions between BF cholinergic neurons and Aβ and hyperphosphorylated tau
result in substantial dysfunction and eventually death for these neurons.
In concert with cholinergic markers declining in AD, the neurotrophic factor that
supports the BF cholinergic system, nerve growth factor (NGF), and its high-affinity
receptor, tropomyosin-related kinase A (trkA), decrease in AD (Chu et al., 2001;
Fahnestock et al., 2001; Peng et al., 2004; Mufson et al., 2007; Mufson et al., 2012).
NGF’s precursor, proNGF, which has heightened levels in AD, binds with higher affinity
to the p75 receptor (Fahnestock et al., 2001; Lee et al., 2001; Peng et al., 2004).
Individual activation of these two receptors, trkA and p75, initiates opposing signaling
cascades. TrkA signaling is associated with neuronal survival, and p75 signaling has
greater capacity for initiating apoptosis (Ha et al., 1999; Fahnestock et al., 2004; Nykjaer
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eta l., 2004; Al-Shawi et al., 2007; Al-Shawi et al., 2008; Clewes et al., 2008). Therefore,
reductions of NGF and trkA, alongside increases in proNGF, are major contributing
factors to the degeneration of BF cholinergic cells in AD. It is proposed that this
enhanced vulnerability is due to a shift from pro-survival cascades, via NGF-trkA
binding, to a greater activation of pro-apoptotic signaling cascades via proNGF-p75
binding. Modeling a reduction in trkA receptors in young and aged rats has demonstrated
an age-specific vulnerability to neurotrophic disruption, resulting in attentional
impairments and shifts in cholinergic morphology for aged rats with reduced trkA levels
(Parikh et al., 2013). Young rats, on the other hand, displayed normal attentional function
and cholinergic signaling, suggesting that either trkA is not crucial to attentional
functioning at that stage in the lifespan or activation of compensatory mechanisms
overcame this insult. Similar to AD, enhanced cholinergic decline may arise in trkAsuppressed rats due to shifts in neurotrophic activation, favoring proNGF-p75 binding;
increases in p75 were observed following trkA knockdown (Parikh et al., 2013). Indeed,
blockade of proNGF partially rescued attentional capacity on signal trials in trkAsuppressed aged rats, though it did not normalize attentional function completely (Yegla
and Parikh, 2014). Due to the cross-sectional design of these studies the implications of
early neurotrophic disruption on cognitive capacities in old age have yet to be evaluated
as a potential vulnerability factor contributing to AD symptomology. Moreover, the
extended interaction of aging with reduced neurotrophic support may provide a more
accurate assessment of the neurobiological changes arising in BF cholinergic neurons.
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Development of MCI and AD does not occur for all elderly, despite aging being a
primary risk factor. Interestingly, a proportion of elderly with moderate to high
deposition of Aβ and hyperphosphorylated tau exhibit normal cognitive function (Braak
and Braak, 1991; Vana et al., 2011). Therefore, neurobiological insults need to reach a
threshold, which is individually specific, to produce the attention and memory deficits
characteristic of AD (Dumas and Newhouse, 2011). The concept of reserve postulates
that individuals may be less vulnerable to the development of cognitive deficits following
deposition of the neurobiological insults characteristic to AD due to neuroprotective
lifestyle practices, such as lifelong cognitive activity (Stern, 2009). Cognitive activity in
concert with exercise and a balanced diet may alter the efficiency of neural processing,
capacity for neuroplasticity, and connectivity between functional circuits. These neural
alterations may produce structural (brain reserve) and/or functional (cognitive reserve)
brain changes, which can manifest as greater efficiency of a brain region (neural reserve)
or recruitment of atypical brain regions during task performance (neural compensation).
However, the underlying mechanism by which reserve arises remains unknown. Due to
the necessity of attention as an integral component to other cognitive processes, the BF
cholinergic system may contribute to functional reserve capacity. Bolstering the
cholinergic system through cognitive and behavioral protective measures, as identified in
cognitive reserve, may shield elderly from developing AD, which displays significant
cholinergic dysfunction.
To examine the interaction of aging with the corticopetal cholinergic system and
the corresponding changes in attentional function in normal and pathological aging, the
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following experiments were conducted. Chapter 2 explores a characteristic feature of AD,
specifically reduced neurotrophic support, in relation to the functionality of the BF
cholinergic system and attention. It examines the interaction of aging with early life trkA
receptor level reductions on attentional function and cholinergic stability. Chapter 3 shifts
focus to address the concept of cognitive reserve within normative aging. This chapter is
composed of two experiments investigating a distinct age-related pattern of cognitive
reserve and contributions of the attentional network in stabilizing this pattern and
maintaining normal attentional capacity. Together these studies further propel the field of
aging regarding its interaction with cholinergic integrity and attentional capacity in
normative and pathological aging.
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CHAPTER 2
INTERACTION OF AGING WITH DEVELOPMENTAL SUPPRESSION OF TRKA
SIGNALING ON CHOLINERGIC INTEGRITY AND ATTENTIONAL CAPACITY
Background Information & Rationale
AD is the most common form of dementia in the United States, affecting 15.1
million Americans in 2015 and expected to steadily rise with the exponential increases in
the elderly population (Alzheimer’s Association). Two forms of AD, sporadic and
familial, have been identified. Sporadic AD, which accounts for 95% of cases, emerges at
approximately 65 years old, while familial AD arises in 5% of cases, has an accelerated
time course, and manifests at 40-50 years old. Due to AD’s progressive nature, elderly
with AD experience a loss of autonomy and self, resulting in heightened reliance upon
caregivers and public support. The temporal cost for caregivers of AD patients is
estimated at 17.7 billion hours, as of 2013, and the emotional strain is substantial
(Administration on Aging). In addition, AD care and treatment cost the United States
alone $214 billion in 2014. Moreover, a continuous flow of funding from the public and
private sectors is dedicated to exploring treatment options and potential cures for this
disease. Currently, four pharmaceutical treatments, including donepezil, tacrine,
memantine, and galantamine, are approved and prescribed for use in treating AD
symptoms. However, these treatments target the cognitive symptoms in AD and are
unable to halt the progression of the disease. The cause of AD remains elusive and thus
no cure for this disease has been developed.
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Cognitive impairment is a hallmark symptom of AD, and amnesia is the most
prominent cognitive dysfunction. However, attentional deficits emerge early in AD as
well, with impairments in response inhibition and attentional switching arising initially
and expanding to encompass sustained and divided attention as the disease progresses
(Perry et al., 2000). As previously discussed, attentional function is dependent upon the
integrity of corticopetal cholinergic afferents for optimization of the signal-to-noise ratio
in the cortex (Sarter et al., 2006). Cholinergic dysfunction and cell loss are primary
neurobiological markers in AD (Bartus et al., 1982). As discussed earlier, markers of
cholinergic integrity and functionality decrease in AD, and this may be attributable to
interactions between Aβ, hyperphosphorylated tau, and cholinergic neurons. Moreover,
cholinergic dysfunction in AD has been correlated with deficits in cognitive performance
(Pappas et al., 2000; Grothe et al., 2010; Haense et al., 2012). In AD, BF cholinergic
neurons are specifically more vulnerable to disruption compared to neighboring noncholinergic neurons in the BF as well as cholinergic neurons located in other nuclei
(Smith and Booze, 1995; McKinney and Jacksonville, 2005; Baskerville et al., 2006). It
remains unclear, however, why the BF cholinergic system, compared to other neuronal
systems, displays increased vulnerability in AD.
One contributing factor may be shifts in its neurotrophic support system. NGF is
the primary neurotrophin for BF cholinergic neurons (Koliatsos et al., 1994; Fagan et al.,
1997; Auld et al., 2001). Neurotrophic support is crucial to normal neurodevelopment
during the neonatal period (Crowley et al., 1994; Fagan et al., 1997), specifically by
increasing neuronal growth and differentiation (Ha et al., 1999), enhancing enzymatic
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activity for synthesis of neurotransmitters (Auld et al., 2001), bolstering neurotransmitter
release (Takei et al., 1989), and establishing proper innervation of target regions (Phillips
et al., 2004). Four neurotrophins, including NGF, brain-derived neurotrophic factor
(BDNF), neurotrophin-3, and neurotrophin-4, are present in the mammalian brain. Each
provides cellular support for different brain regions. However, BF cholinergic neurons
rely predominantly on NGF and have a lower affinity for BDNF and NT-3 (Koliatsos et
al., 1994; Auld et al., 2001).
NGF’s synthesizing and regulatory cycle is similar to other neurotrophins. In an
activity-dependent manner, the post-synaptic cell releases NGF’s precursor, proNGF, into
the synaptic cleft where it is cleaved by a variety of proteases into NGF (Bruno and
Cuello, 2006). Upon binding to a receptor, the ligand and receptor unit are internalized
and retrogradely transported to the nucleus. While NGF has a high binding affinity to
trkA, proNGF has a low-affinity to trkA; yet it is still capable of eliciting neurite
outgrowth, albeit to a lesser degree than NGF (Fahnestock et al., 2004). These ligands
also can bind to p75 with low- (for NGF) and high- (for proNGF) affinity (Ha et al.,
1999; He and Garcia, 2004). Activation of the p75 receptor is controversial (Masoudi et
al., 2009; Howard et al., 2013). Its NFκB pathway elicits neurite outgrowth and cell
survival (Howard et al., 2013); however, the JNK pathway initiates cell death signaling
(Masoudi et al., 2009). Moreover, if p75 colocalizes and is co-activated with sortilin proapoptotic signaling dominates (Nykjaer et al., 2004; Al-Shawi et al., 2007; Al-Shawi et
al., 2008; Clewes et al., 2008), but p75 colocalization with trkA enhances NGF-trkA
binding and activates pro-survival cascades (Hempstead et al., 1991). Under normal
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conditions, neurotrophic activity predominately favors cell survival and growth
pathways.
NGF’s necessity to BF cholinergic survival is clearly demonstrated in NGFdeficient mice, which do not survive past the first postnatal week (Crowley et al., 1994)
and trkA-knockout mice, which demonstrate substantial BF cholinergic cell shrinkage
and death after postnatal day 25 (Smeyne et al., 1994; Fagan et al., 1997). In adulthood
and middle age, however, NGF-trkA signaling did not robustly affect cholinergic
integrity and cognitive function (Müller et al., 2012; Sanchez-Ortiz et al., 2012). On the
other hand, this pathway has recently been recognized to play an important role during
aging, in protecting neurons from age-related decline and, more specifically, attentional
impairment (Parikh et al., 2013). Following reductions in trkA levels, aged rats displayed
increased proNGF and p75 receptor expression, thus shifting towards activation of
apoptotic signaling cascades. Similarly, in AD pro-survival neurotrophic markers,
including NGF and trkA receptors, decrease and pro-apoptotic markers, such as proNGF
and sortilin, increase (Chu et al., 2001; Fahnestock et al., 2001; Peng et al., 2004; Mufson
et al., 2007; Mufson et al., 2012). This imbalance shifts the BF cholinergic system from
pro-survival to pro-apoptotic signaling and thus these neurons become more susceptible
to disruption and degradation. Conceptually, if activation of pro-apoptotic signaling
through proNGF-p75 binding is the primary source of cholinergic disruption, preventing
their interaction should normalize cholinergic capacity. However, despite partially
rescuing cholinergic capacity for ACh release, normalizing target innervation density,
and improving signal detection on signal trials, blockade of proNGF in aged rats was
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unable to reverse the effects of trkA suppression on attentional capacity (Yegla and
Parikh, 2014). These results suggest that trkA receptors are critical to sustaining optimal
functioning of BF cholinergic neurons in aging.
Based on these findings neurotrophic support to BF cholinergic neurons is
necessary for optimal attentional function and cholinergic integrity in old age. However,
it has yet to be investigated whether early disruption of neurotrophic support alters the
susceptibility of cognitive and neurobiological dysfunctions. Longitudinal studies provide
more comprehensive and translational assessments in the investigation of aging’s
interactive effects compared to cross-sectional studies (Parikh and Sarter, 2010). For
instance, initiating behavioral training in old rats, which have limited physical, social, and
cognitive experiences prior to task initiation, and comparing this to young rats may skew
the results. Conversely, longitudinal analyses account for extended training across the
lifespan, which is more representative of the human population. If aging is a vulnerability
factor, in which age-related changes interact with pre-existing imbalances in neural
circuits to produce functional deficits, then alterations in the NGF pathway early in life
should remain dormant prior to aging. With advancing age, however, the pre-existing
weakness in the cholinergic system will manifest as attentional impairments. Due to the
emergence of attentional impairments following trkA suppression in the cross-sectional
study, shifts in neurotrophic support early in life should accelerate the emergence and
potentially worsen the attentional deficits exhibited. In this study, we hypothesized that
attentional deficits and cholinergic disruption would emerge earlier in aged rats that
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underwent developmental trkA receptor knockdown compared to controls with intact
trkA receptor levels.

Methods
Subjects
Male Wistar rat pups (N=20) were acquired from Charles River at 15 days old and
maintained with dams on a 12hr light-dark cycle (lights on at 7am) in temperature- and
humidity-controlled rooms at Temple University’s animal facility. Pups were weaned at
21 days old and group housed with full access to food and water. Rats were separated
into two experimental groups, as illustrated in Fig.1A. The first group (N=4) was
designed to demonstrate the efficacy of trkA knockdown and its impact on cholinergic
integrity, specifically cholinergic cell size and innervation of cortical targets. To evaluate
the impact of early trkA loss on the emergence of attentional dysfunction, the remaining
group (N=8/manipulation) of trkA-suppressed and control rats were trained on the
sustained attention task (SAT), described below, from 6 to 24 months old. To ascertain
the effect of trkA reduction in old age on cholinergic capacity, in vivo electrochemical
recordings using choline oxidase-coated channels were conducted. Procedures were
conducted in accordance with the National Institute of Health (NIH) guidelines and
Temple University’s Institutional Animal Care and Use Committee (IACUC) rules and
regulations.
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Figure 1. (A) Experimental Design. Rat pups (N=20) underwent intracranial infusions of
either AAV-Luciferase or AAV-TrkA into the BF at postnatal day (PND) 18-21. One
cohort (N=4) was perfused one month after surgery and quantitative
immunohistochemistry (IHC) was conducted for investigation of viral vector
colocalization with BF cholinergic neurons, viral vector efficacy through trkA
knockdown, and markers of cholinergic integrity. Examining early trkA knockdown on
the emergence of attentional deficits in aging, the second cohort (N=16) was trained on a
sustained attention task, followed by electrochemical recordings to assess cholinergic
transmission, and finally quantitative IHC.

Stereotaxic Surgery
Rat pups underwent intracranial surgery for the infusion of adeno-associated viral
(AAV) vectors. AAV-TrkA is constructed of short-hairpin RNA for trkA, which knocks
down trkA receptor levels via RNA interference, as previously demonstrated (Parikh et
al., 2013; Yegla and Parikh, 2014). The control vector, AAV-Luciferase, contains shorthairpin RNA for a gene found in insects that produces light (e.g., fireflies) and thus has
no impact on rodents. Both viral vectors contain a reporter gene for green fluorescent
protein (GFP) to permit visualization of the vector’s location. Surgery was completed at
18-21 days old so that the AAV vector could produce its maximal effect by 4-5 weeks
old, which is when cortical cholinergic inputs make contact with NGF-producing cortical
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target cells (Dori and Parnavelas, 1989; Kiss and Patel, 1992; Fagan et al., 1997;
Mechawar and Descarries, 2001). Rats were anesthetized under aseptic conditions with
isoflurane (3% for induction; 1% for maintenance), vaporized in 2 L/min of oxygen and
were placed in a stereotaxic frame (Model 962; David Kopf Instruments, Tujunga, CA,
USA). Body temperature was maintained via isothermal pads (Braintree Scientific,
Braintree, MA, USA) while opthalamic ointment was applied to their eyes to prevent
drying. Following iodine washes a 3cm long incision was made to expose Bregma. Holes
were drilled in the skull, and a 10µL Hamilton syringe was lowered into the nucleus
basalis of Meynert (A/P: -1.0; M/L: ± 2.3; D/V: -6.0). After a bolus infusion of 1.5 µL of
either AAV-TrkA or AAV-Luciferase the syringe remained in place for an additional 4
min to allow for complete diffusion of the liquid. The incision was stapled and the rats
received an antibiotic (Baytril, 0.01mg/kg), an analgesic (Buprenorphine, 0.01mg/kg),
and sterile saline to prevent dehydration. Rat pups were returned to the dams for
continued nursing.

Sustained Attention Task (SAT)
Apparatus
The operant chambers were located within sound-attenuating boxes, equipped
with fans. Each chamber was furnished on the front panel with three light fixtures, two
levers located below the lights, and a water dispenser between the two levers, a house
light on the back panel, and grid flooring (Med Associates Inc., St. Albans, VT, USA).
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The MED-PC IV software encoding the behavioral paradigm sent information via a
SmrtCtrl interface and collected data through a Dell Optiplex 960 computer.

Behavioral Training Paradigm
The second experimental group of rats (6-month-old), which was intended for the
investigation of the impact of developmental knockdown of BF trkA receptors on
attention, was single housed with full access to food. They were gradually water
restricted over the period of a week and received 10 min of water daily following
completion of the task. Rats were trained on SAT for six days a week and after attaining
criterion were maintained on task (5 session/week) until 24 months old. Despite frequent
application of the 5-choice serial reaction time task for evaluating attention, the SAT,
which was designed based on signal detection theory, provides a more valid measure of
attention by incorporating signal and non-signal trials (McGaughy and Sarter, 1995).
Briefly, optimal SAT performance requires continuous attention in distinguishing
between signal and non-signal trials. Rats were initially shaped to lever press on an FR1
schedule for a reward of water (0.02mL) until they reached criterion of 120 rewards. To
reduce the development of a side bias, a lever press would stop eliciting a reward if it was
selected more than five additional times to the opposite lever and would remain so until
the discrepancy was corrected. Following completion of this initial phase, rats were
introduced to the task contingencies regarding signal and non-signal trials. The central
light on the front panel, which was illuminated for 1s, served as the signal and preceded
lever presentation by 2s. Levers were presented for 4s, and the intertrial interval (ITI) was
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12 ± 3s. For non-signal trials the levers were presented without light illumination. A
session included 160 trials, half of which were signal trials. Rats were pseudo-randomly
assigned to a lever, with half the rats assigned to each side. For example, a rat designated
to the left must press the left lever during a signal trial (hit) and the opposite, or right,
lever during a non-signal trial (correct rejection) for a reward of water. However, if the
right lever was pressed during a signal trial (miss) or the left lever was pressed during a
non-signal trial (false alarm), no reward was provided. If no levers were pressed during a
trial, it was recorded as an omission. If an incorrect response was made, rats immediately
received the same trial type for up to 4 trials, after which point only the correct lever was
presented as a forced choice to assist in learning the paradigm. Once rats performed
≥70% on hits and correct rejections and permitted no more than 20% omissions, they
transitioned to the final stage of the task. At this stage the signal duration shortened to
500, 50, or 25ms and the ITI decreased to 9±3s. Further, no correction or forced choice
trials were provided. The final version of SAT consisted of 162 trials, divided into three
blocks of 27 non-signal and 27 signal trials, which were further subdivided into 9 trials
per signal duration. Rats attained criterion when they performed at ≥70% for hits on the
500ms signal trials, ≥70% correct rejections, and ≤10% omissions. To assess top-down
attentional capacity, rats were tested on the distractor version of the task (dSAT) four
times between middle age (12-months-old) and the terminal phase of the experiment (24months-old; McGaughy and Sarter, 1995; Yegla and Parikh, 2014). Due to the lack of
significant differences between all four time points, only the first and last dSAT
performances were evaluated. Trial parameters remained the same as in the standard
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version of SAT. The sole difference in the distractor session was the back house light
turning on and off at 0.5 Hz during the second block of trials. Trials in blocks 1 and 3 did
not have this flashing houselight and provided assessment of baseline performance
(Block 1) and attentional capacity in recovering from distracting conditions (Block 3).

Behavioral Measures
Average percent hits, correct rejections, false alarms, misses, omissions, and
response latencies were calculated for each session. Calculation for percent hits, for
example, was hits/(hits+misses)*100, and this was conducted similarly for the other
measures. An additional variable, the SAT score, was assessed using the formula: (hfa)/[2(h+fa)-(h+fa)2] (Frey and Collier, 1973), and provided a composite measure of
overall performance on both signal and non-signal trials. SAT score varies from +1 to -1,
with +1 indicating perfect performance and -1 indicating incorrect performance on all
trial types. For additional detail, average correct rejections, hits, and SAT score were
divided by block, while average hits and SAT score were calculated by signal duration.
These measures were calculated similarly for the distractor version of the task as well.

In Vivo Amperometric Recording of Cholinergic Signaling
The impact of trkA knockdown on cholinergic signaling, which is characterized
by multiple timescales, was evaluated (Parikh et al., 2007). Transient, or phasic,
cholinergic signaling occurs on the scale of milliseconds and arises in concert with trialby-trial behavioral performance, signaling a shift from cue monitoring to a cue-directed
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response (Parikh et al., 2007; Howe et al., 2013). Conversely, cholinergic signaling also
emerges on the timescale of seconds to minutes, and these tonic levels are associated with
initiation of an attention-specific task and sustaining attention under more challenging
conditions (Himmelheber et al., 2000; Arnold et al., 2002). To assess cholinergic
transmission, rats from each group underwent amperometric recordings via enzymecoated ceramic-based platinum-channel electrodes. Of the four-channel electrode (S2,
Quanteon, Nicholasville, KY, USA), one pair of platinum channels was coated with
glutaraldehyde, bovine serum albumin (BSA), and choline oxidase while the second pair,
or sentinels, was coated with glutaraldehyde and BSA only, serving as a control for
background activity. After drying for 48-72 hrs, electrodes were electroplated at 0.5 mV
with m-phenylenediamine for 1 hr to reduce responsivity to electroactive interferents,
such as ascorbic acid (AA) and dopamine (DA), and thus enhance selectivity for choline.
Electrodes were then calibrated at 0.7 mV for choline sensitivity and selectivity, using a
FAST-16 potentiostat (Quanteon), as described previously (Parikh et al., 2008; Parikh et
al., 2010; Yegla and Parikh, 2014). Only electrodes meeting the following criterion were
used for recordings: limit of detection, <500 nM choline; choline sensitivity, >3 pA/µM;
selectivity for choline:AA, >80; linear response to increasing choline concentrations,
R2>0.98; response to DA, < 3pA.
Once the electrode was properly calibrated, a glass capillary was attached to the
electrode. The tip of the glass capillary, which had an inner diameter of 20 µm, was
situated approximately 75-100 µm from the electrode, directly between the two pairs of
channels. Rats were anesthetized with urethane (1.00-1.25 g/kg, i.p.) and placed in a
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stereotaxic frame (David Kopf Instruments) on a heating pad. An incision was made in
the scalp and a hole drilled in the skull based on coordinates for the right medial
prefrontal cortex (mPFC; based on Bregma, A/P: +3.0mm; M/L: -0.7mm; D/V: -2.52.7mm). Prior to lowering the electrode assembly into the brain, the glass capillary was
filled with potassium chloride (70 mM). Once in the mPFC the channels were allowed to
stabilize for 1 hr. For phasic cholinergic transmission, potassium chloride injections (200
nL), via a picospritzer (2-10 p.s.i.; ALA Scientific Instruments, Farmingdale, NY, USA),
induced depolarization and ACh release similar to transient cholinergic signaling kinetics
(Parikh et al., 2004). Tonic cholinergic transmission was assessed via nicotine injections
(200nL, 100mM). Cholinergic signals elicited by high doses of nicotine mimic the
temporal patterns of tonic ACh release (Parikh et al., 2008). Amplitudes and clearance
rates of three series of potassium-induced depolarizations and nicotine-evoked ACh
release were averaged for analysis. The slope for each sentinel (BSA-coated) channel was
matched with a choline oxidase-coated channel to allow for subtraction of the
background activity and to obtain the cholinergic-specific signal. Potassium-evoked
signals were binned at 0.5s. Due to the difference in temporal kinetics, nicotine-evoked
cholinergic signals were binned at 2.5s. Moreover, to smooth the nicotine-evoked signal a
box-car average by a factor of 1-5 data points was applied. Clearance rates, which were
measured as the amount of time it took for the peak amplitude to reduce to 80%, or t80,
were assessed between groups across both signal types.
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Quantitative Immunohistochemistry (IHC)
Animals were anesthetized with urethane and transcardially perfused with 200mL
of ice-cold heparinized 0.1M phosphate buffered saline (PBS), followed by 200mL of 4%
paraformaldehyde (PFA). The brain was extracted, placed in 4% PFA overnight, and
transferred to 30% sucrose. The brain was frozen at -20°C and PFC and BF sections
(50µm) were taken on a freezing microtome (SM2000R, Leica, Wetzlar, Germany).
Slices were stored at -20°C in cryoprotectant solution (15% glucose, 30% ethylene
glycol, and 0.04% sodium azide in 0.05M PBS) until needed for staining.
Assessing the efficacy of AAV vector infection of BF cholinergic neurons, three
BF sections from each rat were fluorescently tagged with ChAT, a marker of cholinergic
neurons. These sections were assessed for co-localization of the AAV vector, which
expresses GFP, and the cholinergic marker ChAT. BF slices were washed in 0.05M trisbuffered saline (TBS), followed by gentle agitation for 1 hr in 10% donkey serum, and
incubated overnight in goat anti-ChAT primary antibody (1:200 dilution; EMD Millipore,
Billerica, MA, USA). After washing slices in 0.05M TBS with 1% Triton X 100 (TBST),
they were incubated in rhodamine-conjugated donkey anti-goat secondary antibody
(1:250; Jackson Immunoresearch Laboratories) for 2 hrs. Sections were rinsed in TBST,
mounted onto gelatin-coated slides, and coverslipped in Prolong Gold Anti-fade
mounting media (Life Technologies, Grand Island, NY, USA).
Verifying sufficient reductions in trkA levels in rats receiving AAV-TrkA
infusions, three parallel sections to the fluorescently-tagged slices were assessed, as has
been conducted previously (Parikh et al., 2013; Yegla and Parikh, 2014). Slices were
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washed in 0.05M TBS, incubated in 0.3% hydrogen peroxide for 1 hr, incubated in 10%
goat serum for 1 hr, and shaken overnight in rabbit anti-trkA primary antibody (1:1000;
EMD Millipore). Slices were rinsed in TBST, incubated for 2 hrs in biotinylated goat
anti-rabbit IgG (pre-diluted; EMD Millipore), washed, and gently agitated for 1 hr in
streptavidin-horseradish peroxidase (S-HRP). Following washes, slices were developed
in diaminobenzidine (DAB)/Nickel solution and rinsed in TBS prior to slide mounting.
Due to the time point of AAV vector infusion and its potential influence on
cortical innervation, differences in prefrontal cholinergic fiber density and BF cholinergic
soma size were analyzed via ChAT staining. The procedure followed for this staining has
been utilized previously (Parikh et al., 2013; Yegla and Parikh, 2014). Briefly, three
slices from each region were washed in 0.05M TBS, incubated in 0.3% hydrogen
peroxide for 1 hr, rinsed, and gently agitated in 10% donkey serum for 1 hr. They
incubated overnight in goat anti-ChAT (1:100 dilution; EMD Millipore). The slices were
washed in 0.05 M TBST and incubated for 2 hrs in HRP-conjugated donkey anti-goat
secondary antibody (1:100; EMD Millipore). Slices were washed, incubated in DAB
solution, and rinsed in TBS before mounting onto gelatin-coated slides. All slices, except
those fluorescently tagged, were dehydrated and coverslipped with the mounting media
DPX (Sigma-Aldrich, St. Louis, MO, USA) 2-3 days following staining.

Image Analysis
Images of sections were captured on a Leica microscope (DM4000B), fitted with
a DFC 425C camera, using Leica Application Suite software (Leica Microsystems Inc.,
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Buffalo Grove, IL, USA). Data from three sections from each specified region were
averaged for each animal and used for group analysis. Serial BF sections, ranging from 1.0mm to -1.7mm along the A/P axis, were obtained for trkA and ChAT staining while
prefrontal tissue was assessed at equal intervals from 4.0mm to 2.5mm along the A/P
axis. Within the BF, colocalization of the viral vector with cholinergic neurons was
assessed as the percentage of GFP- and ChAT-expressing neurons out of 100 ChATstained neurons per animal. TrkA knockdown was quantified using NIH ImageJ to obtain
the area fraction expressing trkA receptors. Due to the influence of neurotrophic activity
on the size and functionality of cholinergic neurons, BF cholinergic neuronal soma size
was also quantified using NIH ImageJ. For analysis of prefrontal cholinergic fiber
density, ChAT-positive fiber counts were quantified using Photoshop to enhance the
contrast and manually tracing and counting fibers which were expressed as per mm2 area
for further comparison.

Statistical Analysis
One-way analyses of variance (ANOVAs) were conducted for measures of
average hits, correct rejections, SAT score, omissions, and response latencies. For
analysis of behavioral performance across blocks and by signal durations, split-plot
ANOVAs were applied. Performance on SAT score, hits, and correct rejections across 12
to 24 months was assessed through a split-plot ANOVA as well, using data from 3-month
intervals as the repeated variable. dSAT data was analyzed in a similar fashion, with oneway ANOVAs to evaluate attentional performance at 24 months old and split-plot
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ANOVAs to compare changes in attentional capacity across age. Amperometric
evaluations of depolarization-evoked cholinergic signals and clearance rates were
conducted by AAV infusion type using a one-way ANOVA for both potassium-evoked
and nicotine-evoked signals. All quantitative IHC analyses for cholinergic integrity were
evaluated by lesion, applying one-way ANOVAs for each age group. For any violation of
homoscedasticity or sphericity, the Brown-Forsythe or Greenhouse-Geisser measure,
respectively, was used. Moreover, violations of normality resulted in application of either
the Mann-Whitney U or Wilcoxon signed rank tests. Least significant differences (LSD)
were applied as the post-hoc analyses. Effects with a p-value of ≤0.05 were regarded as
significant.

Results
Validation of Viral Vector Efficacy and
Impact of trkA Suppression on Cholinergic Markers
To verify the location of the infusion and ascertain that the virus infected
cholinergic cells, BF coronal sections were stained for ChAT and evaluated for the
degree of colocalization with GFP, which is tagged to the virus itself. The viral spread
was targeted to the BF (Fig.2A), though marginally dispersed to some regions of the
striatum and globus pallidus (Fig.2B). Viral infection did not differ between AAV-TrkAor AAV-Luciferase-infused rats (F1,11=0.04, p=0.86) with BF cholinergic neurons
overlapping with GFP an average of 48.92% for AAV-Luciferase rats and 47.96% for
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Figure 2. (prior page) AAV vector efficacy and markers of cholinergic integrity. (A)
Schematic illustration of the infusion target site for cholinergic nuclei in the nucleus
basalis of Meynert. (B) Site and spread of AAV vector infusion into the BF and
surrounding regions as observed through the GFP marker, which is tagged to the AAV
vector. (C) The AAV vector (in green) colocalized with cholinergic cells tagged with
rhodamine (red) in the BF. On average 48% of cholinergic neurons were co-labeled with
GFP and thus infected with the viral vector. To ensure efficacy of AAV-TrkA in 6-weekold rats, trkA receptor levels (representative image; D) were quantified. Significant
reductions in trkA receptor expression arose in AAV-TrkA infused rats compared to
AAV-Luciferase controls (E; F1,8=3.54, p=0.008). In addition, cholinergic markers,
including cholinergic cell size (F) and prefrontal fiber density (H) were analyzed. TrkA
suppression decreased BF cholinergic cell size (G; F1,2=12.54, p=0.006) but had no
significant impact on prefrontal cholinergic innervation (I; F1,8=0.29, p=0.78).
Abbreviations: BF, basal forebrain. Bar charts represent mean±SEM; **p<0.01

AAV-TrkA rats (Fig.2C). To ensure the efficacy of AAV-TrkA in knocking down trkA
receptor levels sufficiently, corresponding BF coronal sections were stained and
quantified for the area fraction expressing trkA-positive cells. Representative images of
trkA-expressing neurons are shown in Fig.2D, and quantitation of trkA levels displayed
significant reductions at 6 weeks old (Fig.2E; F1,8=3.54, p=0.008). Thus, the AAV-TrkA
manipulation interfered with trkA protein expression.
Due to the significant contributions that neurotrophic activity provides to BF
cholinergic cells, additional features such as cholinergic morphology (Fig.2F) and
prefrontal innervation density (Fig.2H), were analyzed. Shortly after transfection,
cholinergic cell size decreased in rats with trkA knockdown compared to controls
(Fig.2G; F1,2=12.54, p=0.006). However, evaluation of prefrontal cholinergic fiber
density revealed no significant differences between manipulation groups at 6 weeks
(Fig.2I; F1,8=0.29, p=0.78). Therefore, one month after infusion, trkA suppression altered
cholinergic morphology but did not impact innervation of a specific target region, the
PFC.
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Figure 3. Impact of early trkA suppression on cholinergic integrity in old age. (A)
Representative image of trkA receptor levels of performing 24 month old rats. AAVTrkA infused at PND 18-21 continued to suppress trkA receptor expression at 24months-old (B; F1,12=2.17, p=0.05). Markers of cholinergic integrity, such as BF
cholinergic cell size (C) and prefrontal cholinergic fiber density (E), were assessed once
more. Counter to 6-week-old rats, BF cholinergic cell size was comparable between
AAV-TrkA rats and controls (D; F1,12=0.82, p=0.43). Prefrontal cholinergic innervation
continued to display similar density levels between groups in old age (F; F1,12=0.61,
p=0.56). Bar charts represent mean±SEM; *p<0.05

Corresponding immunohistochemical analyses were completed for 24-month-old
rats following completion of SAT and electrochemical recordings. Approximately two
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years after AAV-TrkA infusion, levels of trkA receptors, which are displayed in Fig.3A,
continued to remain low in old age compared to controls (Fig.3B; F1,2=2.17, p=0.05).
This further accentuates the validity of viral vector technology in producing persistent
RNA interference and reducing trkA receptor expression for an extended period of time.
Tissue from aged rats was also assessed for changes in cholinergic measures, including
cell size (Fig.3C) and prefrontal fiber innervation (Fig.3E). Despite reductions in trkA
levels, aged AAV-TrkA rats that underwent behavioral training displayed comparable
cholinergic morphology to their AAV-Luciferase counterparts (Fig.3D; F1,12=0.82,
p=0.43). Moreover, and consistent with the 6-week-old data, 24-month-old rats displayed
similar prefrontal cholinergic fiber density levels, regardless of manipulation (Fig.3F;
F1,12=0.61, p=0.56). Although AAV-TrkA infusion continued to suppress BF trkA levels,
cholinergic markers were comparable to control rats, suggesting the recruitment of
compensatory mechanisms either as a factor of age of infusion or as a component of
lifelong cognitive activity.

Effect of Age and Developmental trkA knockdown on Attentional Performance
Young rats acquired criterion on the SAT after an average of 38±5 training
sessions. TrkA-suppressed rats were slightly faster at reaching criterion compared to
control rats (F1,10=2.18, p=0.05), potentially indicating activation of compensatory
mechanisms to attain the task. Sixteen rats initiated behavioral training; however, four of
the sixteen were euthanized at 16 months old due to deteriorating health, and two
additional rats died naturally prior to the 24 month endpoint. These rats were evenly
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distributed from both groups and thus trkA knockdown did not appear to induce early
death. Ten rats (N=5/group) completed the behavioral training until the 24 month time
point.
Due to the reduction in group number prior to the experimental endpoint and thus
decrease in statistical power, group differences in attentional performance were assessed
at 15-months-old, which was the final month in which all rats performed. No significant
differences across all measures, including SAT score, hits, correct rejections, omissions,
and response latencies (p>0.10), were observed between trkA-suppressed and control
rats. Thus, when assessing the impact of trkA knockdown on attentional capacity with
greater statistical power in late adulthood, no significant group effects were noted.
To investigate if trkA knockdown induced early in life interacts with aging, trkAsuppressed and control rats were assessed on their attentional capacity throughout
adulthood into old age (12 months to 24 months), with the hypothesis that trkA
knockdown would accelerate the development of attentional deficits. To ensure that
attentional decline did not emerge prior to 12 months old, behavioral performance was
assessed at 7 months (task acquisition) and 12 months. Overall attentional performance
improved from the initial acquisition of the task to 12 months old, potentially due to
increased practice (F1,9=39.39, p<0.001). Therefore, the remainder of the analyses
assessed age-related shifts in attentional performance starting at 12 months old.
From 12 to 24 months old, rats’ attentional capacity was evaluated and revealed a
gradual though significant decline in attentional capacity with rising age (F4,32=14.20,
p<0.01). No difference in SAT score was observed between control and trkA knockdown
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rats (F4,32=0.12, p=0.74). Moreover, attentional capacity of trkA-suppressed rats did not
decline earlier or at an accelerated rate compared to controls (month X group interaction:
F4,32=0.59, p=0.67). Post-hoc analyses displayed a significant drop in performance at 24
months old compared to all earlier months (p<0.01, for all comparisons). Attentional
function on signal trials specifically (i.e., hit) mirrored SAT score patterns, with
performance significantly declining across months (F4,32=6.41, p=0.001) but no group
effect (F4,32=0.25, p=0.63) or interaction with group (F4,32=1.59, p=0.20) being present.
Similar to SAT score, post-hoc analyses of hits revealed a significant decline in
attentional capacity at 24-months-old, compared to 12- (p=0.004), 15- (p=0.004), and 18months-old (p=0.01), but not 21-months-old (p=0.13). In terms of non-signal trials,
correct rejection performance remained unaltered from one to two years old
(F1.53,12.23=1.82, p=0.21). It also did not differ between groups (F1.53,12.23=0.15, p=0.71) or
display a group X month interaction (F1.82,12.23=1.218, p=0.32). Thus, attentional capacity
for signal trials specifically, as indicated by significant declines in SAT score and hit
performance but not correct rejections, displayed greater disruption in aging. Due to the
importance of cholinergic integrity to signal detection a decline on signal trials
specifically represents an age-related decline in cholinergic transmission.
To evaluate discrete differences in SAT score performance across months, a splitplot ANOVA analyzing attentional capacity on each signal duration across months was
conducted. A significant main effect of signal was observed (F2,16=104.34, p<0.01), as
well as a significant interaction of signal by month (F8,64=2.53, p=0.02). Post-hoc
analyses revealed a significant decline in attentional capacity for 500ms signal duration
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Figure 4. Impact of trkA suppression on attentional function throughout adulthood and
old age. (A) Regardless of AAV-infusion type, a gradual decline in attentional capacity
was observed with advancing age, with performance significantly worsening at 24months-old on 500ms signal duration trials (p<0.02). (B) On 50ms and 25ms (C) signal
duration trials attentional capacity declined earlier, at 21-months-old (p<0.05) and
continued to decline to 24-months-old (p<0.005). * p<0.05; **p<0.01; Data is
represented as means, and error bars are SEM.

trials at 24 months old compared to all previous months (Fig.4A; p<0.02 for all
comparisons). Performance on 50ms signal duration trials declined earlier (Fig.4B), at 21
months old (p<0.005 for all comparisons), while attentional function for 25ms signal
duration trials displayed a similar pattern of decline starting at 21 months old (vs. 12
months old, p=0.05; vs. 15 months old, p=0.10; vs. 18 months old, p=0.13; vs. 24 months
old, p=0.009) and persisting to 24 months old (p<0.009 for all comparisons; Fig.4C).
Thus, attentional deficits emerged earlier across both groups for trials with shorter signal
durations, demonstrating decreased attentional capacity in advanced age.
Due to the significant decline in attentional function at the 24-month point across
all signal durations, lifelong trkA suppression was assessed specifically at this time point.
No significant impact of AAV-infusion type on behavioral measures was observed,
including performance overall (Fig.5A; SAT score: F1,8=0.48, p=0.83), on signal trials
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Figure 5. Early trkA suppression on attentional capacity in old age (24 months old).
Overall attentional performance, as measured through SAT score, was comparable
between control and trkA-suppressed aged rats (A; F1,8=0.48, p=0.83). Both groups
displayed signal-dependent decreases in attentional capacity (B; F1.32,10.53=38.58,
p<0.01). In addition reductions in trkA levels did not impact response latencies (C;
F1,8=0.10 p=0.92) or omission rates (D; U=7.50, p=0.31) in old age. Data are represented
as means, and error bars are SEM. **p<0.01; ***p<0.001

(Hits: F1,8=0.58, p=0.47), and on non-signal trials (CR: F1,4.53=0.28, p=0.62). Attentional
performance significantly varied across signal durations (Fig.5B; SAT score:
F1.32,10.53=38.58, p<0.01; Hits: F2,16=36.08, p<0.01) but did not interact with group
(p>0.05). Post-hoc analyses revealed that performance significantly decreased from
500ms signal duration trials to 50ms (p<0.001) to 25ms (p<0.001). This pattern of signaldependent shifts in attentional capacity has been observed previously in both rodent and
human studies (McGaughy and Sarter, 1995; McGaughy et al., 1996; Parikh et al., 2013;
Yegla and Parikh, 2014). Attentional capacity remained steady throughout training
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sessions (block: F1.25,9.99=0.34, p=0.62), with no block X group interaction
(F1.25,9.99=3.55, p=0.08). TrkA knockdown did not impact response latencies for signal
trials (Fig.5C; F1,8=0.10 p=0.92). Omission rates also did not vary by group (Fig.5D;
U=7.50, p=0.31). Thus, cholinergic function remained intact despite reduced
neurotrophic support in old age.

Top-down Attentional Capacity under Distracting Conditions
Age-related changes in the capacity to sustain attention under distracting
conditions were assessed at 12-months- and 24 months-old for trkA-suppressed and
control rats. Based on a one-way ANOVA, measures of average SAT score, hits, correct
rejections, and omissions did not change across a year when challenged with a distractor
(SAT score: F1,8=2.58, p=0.15; hits: F1,8=5.05, p=0.06; correct rejections: F1,8=0.45,
p=0.52; omissions: F1,8=3.21, p=0.11). A main effect of block was present across
multiple measures, including SAT score (Fig.6A; F1,16=22.28, p<0.01), hits (F1,16=4.51,
p=0.03), and correct rejections (F1,16=33.98, p<0.01), as was expected due to the presence
of the distractor (flashing house light) being restricted to Block 2. However, post-hoc
analyses for each measure demonstrated differential declines in specific blocks of trials.
Performance overall, as measured by SAT score, differed significantly across all blocks,
with performance declining from Block 1 to Block 2 (p<0.01) and a rebound in
attentional capacity in Block 3 (p=0.02), though not to the same level as Block 1
(p=0.007). TrkA suppression had no significant effect on attentional capacity during
presentation of a distractor or recovery following the distractor (F1,8=0.91, p=0.37). In
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Figure 6. Top-down attentional capacity under distracting conditions (dSAT). (A)
Comparing attentional performance on dSAT at middle age (12-months-old) and old age
(24-month-old) displayed no impact of trkA suppression (F1,8=0.91, p=0.37) or a change
in performance across months (F1,8=2.58, p=0.15). However, the distractor, which
consisted of the back houselight turning off at 2Hz during Block 2, continued to elicit
impairments on attentional capacity (F1,16=22.28, p<0.01). (B) However, further
investigation of attentional performance at the terminal time point (24-months-old)
showed no significant main effect of block (F2,14=1.21, p=0.33) or effect of infusion type
(F1,8=0.04, p=0.84). Data are represented as mean ±SEM; **p<0.01; ***p<0.001
addition no interactions of performance across block X group (F1,16=0.37, p=0.70), block
X month (F1,16=3.25, p=0.07), or month X group (F1,16=1.62, p=0.24) were observed for
overall performance.
In contrast, performance on signal trials (i.e., hits) significantly varied by month
X block (F1,16=5.28, p=0.02), with post-hoc analyses showing greater attentional decline
in Block 1 (p=0.02) and Block 2 (p=0.01) performance but no significant change in the
recovery block following the distractor (p=0.57). Performance on non-signal trials,
however, displayed a different shift in attentional capacity across the aging process.
Similar to signal trials, a month X block interaction emerged (F1,16=11.96, p=0.001) but
no other interactions between group, age, or block were observed (p<0.05). Post-hoc
analyses demonstrated that while attentional performance on non-signal trials from 12 to
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24 months declined in Block 1 (p=0.06) and Block 3 (p=0.04) trials, it significantly
improved during Block 2 (p=0.01). These patterns between signal and non-signal trial
performance under distracting conditions suggest that mechanisms underlying non-signal
performance, which is non-cholinergic, are less prone to distracting conditions with aging
(McGaughy et al., 1996; Parikh et al., 2007). However, attentional capacity for detecting
a signal, which is directly associated with cholinergic integrity, declines in aging both
under baseline, as well as distracting, conditions. Persistent reductions in BF trkA
receptors do not impact these changing dynamics in attentional function across age or in
combination with distractors. These data may indicate that cholinergic transmission in
both groups was sensitive to distracting stimuli but functioned sufficiently for attentional
performance.
Interestingly, when attentional performance under distracting conditions were
evaluated for only the 24-month-old time point, a main effect of block for SAT score was
not present (Fig.6B; F2,14=1.21, p=0.33). Moreover, no group effect was observed
(F1,8=0.04, p=0.84) Instead, a split-plot ANOVA incorporating signal-dependent
variation in performance across session (i.e., blocks) revealed a signal by group
interaction (F2,14=3.62, p=0.05). Post-hoc analyses for the signal by group interaction,
however, was unable to reveal the source of the significant group differences on signal
durations (500ms: F1,8=0.06, p=0.82; 50ms: F1,8=3.53, p=0.10; 25ms: F1,8=0.03, p=0.87).
No additional interactions were observed (block X group: F2,14=0.22, p=0.81; signal X
block: F4,28=2.35, p=0.08; block X signal X group: F4,28=1.34, p=0.28). The nonsignificant main effect of block for SAT score was surprising due to the presence of the
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distractor during the second block of trials. On the other hand, correct rejections
significantly varied by block (F2,18=46.94, p<0.001), with follow-up tests displaying a
significant decrease from block 1 to block 2 (p<0.001) but a rebound in performance
from block 2 to block 3 (p<0.001). No block by group interaction was observed for
correct rejections (F2,18=1.68, p=0.21). Because SAT score incorporates both hits and
correct rejections, these results together suggest that hits remained high despite the
distractor, and this was further validated by the non-significant block effect for hit
performance (F2,16=0.10, p=0.91). The additional flashing houselight altered accuracy
and shifted performance towards a hit bias, or rather perception of more trials being
signal trials. Latencies did not vary between groups for signal trials (F1,8=0.72 p=0.49).
Therefore, reduced trkA receptor expression did not influence aged rats’ capacity to
sustain attention during challenging and distracting conditions or affect their ability to
recover from such distractions.

In vivo Phasic & Tonic Cholinergic Transmission
Following completion of all behavioral training, 24-month-old male Wistar rats
(N=10) underwent anesthetized electrochemical recordings to assess the effect of lifelong
trkA suppression on cholinergic neurotransmission. Cholinergic release exhibits two
distinct patterns characterized as phasic and tonic signaling, which are both associated
with attentional performance on the SAT (Himmelheber et al., 2000; Arnold et al., 2002;
Parikh et al., 2007; Parikh and Sarter, 2008; Howe et al., 2013). Thus, cholinergic release
is expected to mirror the behavioral patterns discussed above. Microelectrodes were
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p=0.14

p=0.07

Figure 7. Amperometric recording of cholinergic transmission following early trkA
suppression. Representative traces of averaged potassium-evoked (A) and nicotineevoked (C) cholinergic release from the mPFC of 24-month-old trkA knockdown and
control rats. Neither potassium-evoked cholinergic release, which mirrors phasic
signaling (B; F1,8=2.774, p=.14), nor nicotine-evoked release, which exhibits a similar
temporal dynamic as tonic cholinergic signaling (D; F1,3.433=6.476, p=.07), were
significantly affected by early trkA suppression. Data are represented as means, and error
bars are SEM.

implanted in the right mPFC to measure phasic and tonic cholinergic signals, which were
induced via potassium (70mM, 200nL) and nicotine injections (100mM, 200nL),
respectively. Representative traces of cholinergic release following potassium and
nicotine injections are illustrated in Fig. 7A and 7C. Amplitudes elicited from potassiumevoked depolarization (Fig.7B; F1,8=2.774, p=0.14) and nicotine-evoked cholinergic
release (Fig.7D; F1,3.433=6.476, p=0.07) did not differ significantly between trkA39

suppressed and control rats. In concert with behavioral measures, both phasic and tonic
forms of cholinergic signaling were relatively comparable between trkA-suppressed and
control rats, which both had lifelong training on SAT. To further evaluate the dynamics
of ACh release and re-uptake, the clearance rates were analyzed between groups through
comparison of t80. Although re-uptake was similar between AAV-TrkA and control rats
following potassium-evoked release (U=89.50, p=1.00), clearance of nicotine-evoked
ACh release was significantly slower for the control group (U=20.00, p=0.007). The
extended clearance rate in control rats may be due to a combination of factors, including
volume of ACh released and efficiency of pre-synaptic choline transporters.

Discussion
Decreases in trkA protein expression and mRNA production are observed in postmortem tissue of individuals diagnosed with MCI and AD (Mufson et al., 2007). TrkA
reductions are also correlated with declines in cognitive capacity at these stages
(Ginsberg et al., 2006). The decline in trkA receptors, along with increases in proGNF
levels, is suggested to contribute to cholinergic dysfunction in prodromal and late-stage
AD (Counts and Mufson, 2005). This study investigated the impact of early trkA
knockdown on attentional function in aging, with the hypothesis that rats with decreased
trkA receptor expression would display attentional impairments at an earlier time point
than control rats. Despite persistent reductions in trkA receptor levels, AAV-TrkA rats
exhibited similar attentional capacity, cholinergic transmission, and cholinergic
morphology as control rats.
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Utilization of AAV vector technology, which produces protein-specific
knockdown via RNA interference of protein translation and expression, permitted precise
targeting of trkA receptor levels within the nucleus basalis of Meynert (Parikh et al.,
2013). Infusion of AAV-TrkA at PND 18-21 produced significant decreases in trkA
expression without compromising cholinergic survival, which had posed a significant
limitation in previous research using knockout animals (Crowley et al., 1994; Smeyne et
al., 1994). However, reductions in trkA receptors are approximately 40-50% in AD; thus,
utilization of heterozygous mice or conditional knockouts are more pertinent to modeling
the loss of neurotrophic support observed in pathological aging than use of full knockouts
(Chen et al., 1997; Müller et al., 2012; Sanchez-Ortiz et al., 2012). One month following
AAV-TrkA vector infusion into the BF, viral infection of cholinergic neurons, and
subsequent trkA receptor level reductions, were observed. TrkA knockdown, which
theoretically would reduce neurotrophic support to BF cholinergic neurons, resulted in
reduced cell size of this neuronal population. However, counter to expectations of
infusing AAV-TrkA at postnatal days 18-21, which had been indicated as a critical period
for target innervation of the cortex (Dori and Parnavelas, 1989; Kiss and Patel, 1992;
Fagan et al., 1997; Mechawar and Descarries, 2001), no difference in prefrontal
cholinergic fiber density was observed between trkA-deficient and control rats. Due to
the one to two week period for transfection to produce peak levels of trkA suppression
(Parikh et al., 2013), cholinergic innervation may have been fully established prior to
significant trkA receptor reductions. In further support, infusion of AAV-TrkA into
young adult rats does not produce significant alterations in cholinergic fiber density
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(Parikh et al., 2013). Thus, once established, cholinergic innervation of target cortical
regions may remain stable in youth and adulthood, regardless of trkA knockdown.
In contrast to a previous study from our laboratory displaying age-related
decreases in cholinergic fiber density following trkA level reduction (Parikh et al., 2013),
the present study found no effect of infusion on this measure. The behavioral
performance also matched this pattern, with no significant effect of trkA reductions on
attentional capacity in aged rats. It should be noted that unlike the previous crosssectional study the aged rats in the current experiment underwent a lifetime of cognitive
training, which required sustained attention and continuous motor responses for proper
performance. This additional factor of lifelong cognitive and physical activity may have
initiated protective compensatory mechanisms permitting normal attentional function,
stable cholinergic morphology, and unaltered cholinergic neurotransmission despite
persistently low trkA receptor levels. Cognitive and physical activity have been identified
as significant contributing factors to stabilizing overall health (Kirk-Sanchez and
McGough, 2013). In terms of their protective function in aging, the concept of cognitive
reserve postulates that these measures increase the threshold for withstanding neural
insults (Stern, 2009). It remains unclear the exact mechanism by which these lifestyle
factors manifest as cognitive changes though. Exercise alone enhances proper regulation
of metabolism and improves vascular function (Lucas et al., 2015). It also increases the
levels of other neurotrophic factors such as BDNF through enhanced activation of
neurotransmitter networks, such as norepinephrine, acetylcholine, glutamate, and GABA
(Farmer et al., 2004; Ma, 2008). Moreover, voluntary exercise increases the probability
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of survival for hippocampal neurons (van Praag et al., 1999). In relation to cholinergic
function in healthy rats, walking-induced enhancement of hippocampal long-term
potentiation in CA1 was directly mediated by cholinergic modulation (Leung et al.,
2003). Modeling cholinergic dysfunction observed in AD via chronic scopolamine
injections, treadmill use ameliorated deficits in spatial learning (i.e., Morris water maze)
and short-term memory (i.e., step-down avoidance task; Heo et al., 2014a & b).
Moreover, utilizing animal models of cholinergic dysfunction (AD and Korsakoff’s
disease), exercise increased cholinergic release and ChAT production (Hall and Savage,
2016), as well as the number of cholinergic neurons despite no change in hippocampal
plaque load (Ke et al., 2011). These research findings suggest that exercise could elicit
protective effects, potentially through activation of other neurotrophins, which have been
demonstrated to beneficially impact cholinergic function in vitro (Auld et al., 2001).
While physical exercise bolstered global cognition, cognitive training has been
shown to increase functional connectivity between memory-related regions (Suo et al.,
2016). Effortful learning increased survival of hippocampal neurons (Shors, 2014).
Moreover, regular cognitive activity has been suggested to slow the progression of
cognitive decline in aging (Gates and Valenzuela, 2010; reviewed in La Rue, 2010).
Acute learning paradigms, such as active avoidance and water-based T maze, have
demonstrated transient shifts in cholinergic enzyme levels in the frontal cortex and
hippocampus in aged rats specifically, potentially enhancing cholinergic transmission
during task acquisition (Nakamura and Ishihara, 1988). Unfortunately the impact of
continuous learning or cognitive activity on the cholinergic system, specifically, has not
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been evaluated in rodents or humans. Thus, daily attentional challenges and task
performance may elicit structural and functional changes resulting in relatively stable
performance in advancing age. Due to the design of the study, however, continuous
cognitive activity cannot be definitively identified as the cause for normalized
performance in AAV-TrkA rats due to the lack of a non-performing control group. Future
research will need to elucidate the significance of daily cognitive function on stabilizing
neurotransmitter circuits and the mechanism by which it enables this protective feature.
An alternative mechanism of neurotrophic support in light of reduced trkA
receptor expression includes NGF-p75 binding and activation of pro-survival signaling
cascades. The significant decrease in trkA receptors would hypothetically shift NGF
binding to its low-affinity receptor. Although activation of p75 in its homodimerized state
has been associated with initiating apoptotic signaling pathways (Frade et al., 1996), coactivation of trkA and p75 enhanced binding of NGF to trkA and thus elicited protective
effects (Hempstead et al., 1991). Due to the design of the study, in which trkA receptors
were significantly decreased but not eradicated, this is a potential mechanism for
continued neurotrophic support.
One primary concern of this study is the potential presence of practice effects
diluting the attentionally impairing effects of trkA knockdown. Although practice effects
could mask the presence of attentional deficits, comparable attentional performance
between the groups was also observed under distracting conditions, which they were
exposed to sparingly. Both infusion groups displayed sensitivity to the distracting
stimulus, demonstrating that practice effects, if present, were unable to weaken the
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distractor’s disruptive nature. In addition, both manipulation groups demonstrated a
signal-dependent decrease in attentional performance, further suggesting by this vigilance
decrement that their performance had not become automated (Sarter et al., 2001).
Moreover, their attentional capacity for shorter signal durations declined with age. In
turn, this may be interpreted as a strategy shift to solely attend to trials with lower
attentional load, designated as trials with a longer signal duration. However, omission
rates did not significantly increase with age, arguing that these aged rats continued to
participate, albeit incorrectly, on the shorter signal trials. In addition, practice effects
were not observed following lifelong training on SAT in an experiment investigating
partial cholinergic deafferentation on attentional function in rats trained until 36 months
old (Burk et al., 2002). These findings argue against the notion of practice effects being
responsible for the lack of attentional impairments in aged trkA-suppressed rats.
Moreover, normalization of cholinergic cell size in 24-month-old rats implicates the
potential presence of structural and functional changes that supersede automatic
responding from over-practice.
Another potential limitation of the study is that the impact of trkA knockdown on
attentional function did not dissociate between the two groups because the rats were not
sufficiently old. The aged rats were trained until 24 months old, similar to the testing
period in which aged rats were assessed for the impact of trkA reductions on attentional
function in the cross-sectional study previously discussed (Parikh et al., 2013). It is
standard practice in aging research when utilizing an animal model that the animal is at
approximately two-thirds of its lifespan to be comparable to humans at 65 years old
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(Sengupta, 2013). However, Burk and colleagues (2002) demonstrated that attentional
impairments following partial cholinergic pruning of the BF emerged once rats aged past
31 months old. These attentional deficits in cholinergic lesioned rats arose under
challenging conditions (i.e., shorter signal durations) and over an extended period of
attentional load, indicated by reductions in attentional capacity during the final block of
trials for the session. However, for that study a different rat strain, Fischer Brown
Norway rats, was utilized. Due to strain differences, cognitive impairments may emerge
earlier in Wistar rats and account for the Fischer Norway rats’ delayed development of
attentional impairments. Another reason may be the utilization of different manipulations
(i.e., cholinergic deafferentation versus trkA knockdown in the BF) and time points in
which the manipulations were initiated. Therefore, it is unlikely that lifelong cognitive
training delayed the emergence of attentional deficits for the trkA-suppressed Wistar rats,
but rather that it served as a protective measure against cognitive decline.
In light of AD and MCI work noting a loss of trkA protein levels and correlations
between trkA loss and cognitive function, these results may be indicative of two
possibilities. (1) Early disruption of this network may permit sufficient time, during a
plastic period of development, to compensate for reduced trkA expression. A sudden loss
of trkA receptors in old age, which is noted as a period of decreased plasticity and
reduced allocation of resources from altered mitochondrial metabolism, may cause
enhanced disruption of a system that is currently undergoing immense changes and
general decline (Rosenzweig and Barnes, 2003; Yap et al., 2009; Chistiakov et al., 2014).
(2) Although trkA reductions arise early in AD’s progression trkA loss is not sufficient to
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initiate the development of the attentional deficits present in this neurodegenerative
disease. It is more likely that simultaneous compromises of other neurotransmitter
circuits, including glutamate and dopamine, and the rising frequency of neural insults in
the form of beta amyloid deposition, hyperphosphorylated tau, and neuroinflammation
interact to elicit cognitive deficits.
The above findings demonstrate that despite having altered trkA receptor levels,
which impact cholinergic markers and have been attributed to producing attentional
impairments, attentional dysfunction is not certain. Although neurotrophic support is
critical in old age, early disruption of this supportive system may permit recruitment of
compensatory mechanisms to counter the development of more severe attentional
impairments in aging. These compensatory factors may be acting directly on cholinergic
circuits to normalize cell size and function. Additional research is necessary to parse
apart the contributing factors, such as exercise and lifelong cognitive activity, and their
mechanisms for stabilizing BF cholinergic neurons in spite of neurotrophic disruption.
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CHAPTER 3
CHOLINERGIC CONTRIBUTIONS TO AGE-RELATED ALTERATIONS IN
CORTICAL ACTIVITY AND ATTENTIONAL FUNCTION
Background Information & Rationale
In the previous chapter age-related changes in attentional capacities remained
unaffected by developmental knockdown of BF trkA receptors. A previous crosssectional study observed attentional deficits and disruption to cholinergic function and
integrity in aged rats with BF trkA-suppression compared to young rats and aged controls
(Parikh et al., 2013). The addition of regular cognitive activity, which was absent from
the cross-sectional study, may have contributed to the normalization of cholinergic
function and attentional capacity in old age. This interpretation is in alignment with the
reserve hypothesis, which posits that consistent cognitive engagement endows
neuroprotection against cognitive decline (Stern, 2009). Cognitive reserve may manifest
as neural efficiency, or greater utilization of neurons in a region associated with a specific
task, and/or neural compensation, characterized by recruitment of additional brain regions
not associated with the specific task. In addition to stabilizing cognitive processes in
normal aging, cognitive reserve hypothesizes that individuals with greater brain and
cognitive reserve, endowed through consistent and high cognitive activity, exhibit a
higher threshold for neural insults (e.g., Aβ) without manifestation of cognitive
impairment. Correlations between cognitive reserve factors, such as high educational
attainment, occupational challenge, and daily cognitive activity, and AD pathogenesis
suggest that elderly with higher reserve exhibit a later onset and shorter progression of

48

AD than their low reserve elderly counterparts (Amieva et al., 2014). Thus, bolstering
cognitive reserve provides a means by which to enhance resiliency against the
development of age-associated diseases.
The mechanism by which these reserve factors elicit their protective quality is not
clear. A consistent finding in neuroimaging studies is that elderly participants display
increased neural recruitment of the frontal cortex during cognitive activities, including
working memory, attention, and episodic retrieval tasks (Reuter-Lorenz et al., 2000;
Cabeza et al., 2002; Rosen et al., 2002; Cabeza et al., 2004; Davis et al., 2008). The
implication of age-related enhancement of frontal recruitment remains controversial
though (reviewed in Grady, 2008). Mixed outcomes from correlations between activation
level and performance have led to contrasting arguments: (1) it is compensatory (ReuterLorenz et al., 2000; Cabeza et al., 2002; Rosen et al., 2002; Cabeza et al., 2004; Davis et
al., 2008) or (2) it is an indicator of reduced neural efficiency and persistent cognitive
impairments (Li et al., 2001; Sambataro et al., 2012). To further complicate the findings,
heightened activation is associated with increased effort, producing a step-wise rise in
blood oxygen level-dependent (BOLD) signals with progressively more challenging tasks
(Grady et al., 1998; Konishi et al., 1998; Rypma and D’Esposito, 2000; Braver et al.,
2001).
For studies observing positive correlations between cognitive performance and
functional magnetic resonance imaging (fMRI) BOLD signals in the frontal cortex,
researchers suggest that the increased neural activation is a compensatory mechanism and
serves to stabilize cognitive abilities despite normal age-related cognitive decline
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(Reuter-Lorenz et al., 2000; Cabeza et al., 2002; Rosen et al., 2002; Cabeza et al., 2004;
Davis et al., 2008). In conjunction with the observation of increased frontal activation,
reduced occipital recruitment has also been noted (Cabeza et al., 2004; Davis et al.,
2008). This pattern is hypothesized to indicate that as basic sensory processing declines
in aging, a greater reliance on cognitive control mechanisms are enacted (Roberts and
Allen, 2016). Age-related decreases in primary sensory cortices, including visual and
auditory, and corresponding increases in prefrontal activation have been observed and are
task dependent (Fakhri et al., 2012). The negative correlation between activation of
occipital and frontal cortical regions was the basis for the Posterior-to-Anterior Shift in
Aging (PASA) hypothesis (Davis et al., 2008). Because of the study’s design, the Cabeza
lab has also argued that this PASA pattern cannot be explained by effort alone because
BOLD signals were compared across age groups for task performance that was pre-tested
to be equally challenging for both age groups. Further supporting frontal hyperactivity as
compensatory, Cabeza and his colleagues (2002) observed differential performanceassociated BOLD signals amongst task-performing elderly. High-performing elderly
exhibited bilateral frontal enhancement compared to low-performing elderly, who
displayed similar hemisphere-dominant activation patterns as young participants. This
recruitment of bilateral brain regions was termed Hemispheric Asymmetry Reduction in
Older Adults (HAROLD) and has been observed in other studies as well (Reuter-Lorenz
et al., 2000; Rosen et al., 2002; Meinzer et al., 2013; Yamanaka et al., 2014).
On the other hand, a few researchers have observed negative correlations between
performance accuracy and BOLD signals, indicating a loss of neural efficiency. This
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observation led to the development of the dedifferentiation hypothesis (Li et al., 2001;
Sambataro et al., 2012). This hypothesis posits that aging results in a loss of efficiency
within specialized circuits, and subsequent increases in activation of ancillary regions and
circuits heightens the background noise, resulting in equally poor or worsened
performance. The reserve hypothesis is unable to argue against dedifferentiation due to
the lack of experiments demonstrating performance impairments following direct
inhibition of this frontal recruitment (Stern, 2009). Conversely, anodal transcranial direct
current stimulation (atDCS) of the left frontal gyrus reduced age-related increases in
bilateral prefrontal activity and produced improvements in performance on a semantic
word generation task (Meinzer et al., 2013). In addition, atDCS, which is posited to
decrease the threshold for neural firing (Turi et al., 2012), also normalized the altered
connectivity of aged brains. Therefore, atDCS may have modulated the frontal cortical
circuits to enhance neural efficiency, thus lowering the activation level in elderly.
Overall, neuroimaging and direct stimulation research display mixed results on the
beneficial or detrimental nature of increased frontal activation observed in aging.
In addition to its ambiguous implications, the underlying mechanism producing
the increased frontal activity observed in neuroimaging studies has not been examined. In
conjunction with the frontal cortex, the posterior parietal cortex (PC) has been indicated
as an additional recruitment area in aging (Cabeza et al., 2004; Davis et al., 2008;
Ansando et al., 2013). Both the PFC and posterior PC are primary components of the
attentional network and serve as target innervation sites of the BF cholinergic system
(Broussard et al., 2006; Parikh et al., 2007; Broussard, 2012; Howe et al., 2013). Due to
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the necessary involvement of attention in optimal cognitive functions and the mixed
evidence for attentional decline in aging, the functional integrity of the BF cholinergic
system may be a discernable feature between high- and low-performing elderly. As
mentioned in Chapter 2 evidence for age-related attentional decline is debated due to
potentially “contaminated” sampling. Therefore, attentional function, and, at the systems
level, the BF cholinergic system, may be critical to bolstering the signal-to-noise ratio in
stabilizing higher-order cognitive processes.
In terms of the attentional network, the PFC serves as the top-down, or cognitive
control, component (Li et al., 2010; Suzuki and Gottlieb, 2013) while the posterior PC is
associated with bottom-up (i.e., stimulus-driven) attentional processing (Shomstein,
2012; Mirpour and Bisley, 2013). Cortico-cortical projections are suggested to facilitate
communications between the PFC and posterior PC for optimal attentional performance
(Nelson et al., 2005). In addition, the PFC provides reciprocal projections to the BF and
may influence posterior parietal activity further via this loop (Cavada and GoldmanRakic, 1989; Nelson et al., 2005; Sarter et al., 2005; Li et al., 2010; Suzuki and Gottlieb,
2013). If the BF cholinergic system is involved in PASA the BF-PFC feedback loop may
be a potential neuroanatomical mechanism for enhanced frontal recruitment. Shifts in
PFC and posterior PC activation may be indicative of increased effort for attentional
control during cognitive tasks or as a measure of heightened noise. An increase in noise
may be especially true for the posterior PC due to its responsivity to distracting signals
(Broussard and Givens, 2010).
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The connections within this circuit are crucial to proper attentional function.
Transient prefrontal cholinergic activity coincides with incidences of signal detection,
specifically when switching from cue monitoring to cue-directed behavioral responding
(Howe et al., 2013). Furthermore, optogenetic stimulation of these afferents in young rats
improves detection, as well as increases perception of signal presentation if produced
during a non-signal event (Gritton et al., 2016). Cholinergic-selective lesions to the BF,
which thin or ablate the cholinergic projections to the cortical mantle, generate attentional
deficits that range in severity in a dose-dependent manner (McGaughy et al., 2002).
Localized cholinergic deafferentation of the PFC and PC elicit reduced firing rates to
signals and increased firing for irrelevant stimuli, decreasing signal detection capacity
and correspondingly impairing attentional performance on 5-CSRTT and SAT (Gill et al.,
2000; Dalley et al., 2004; Broussard et al., 2009). Moreover, selective cholinergic
lesioning to the posterior PC in young rats impairs attentional function, interrupting
flexible updating of changes in stimulus value (Bucci et al., 1998). It is ill-understood,
however, how the attentional circuit adapts in an age-dependent manner to shifts in
cholinergic integrity within specific cortical regions, such as the PFC and posterior PC.
Moreover, it is unknown if there are age-related shifts in hemispheric recruitment for
attention, which exhibits a right-hemisphere dominant cholinergic response in rodents
(Martinez and Sarter, 2004). Synaptic pruning increases in aging (Morrison and Baxter,
2012), and shifts in cholinergic cortical and subcortical circuitry is likely. Thus, agerelated changes to the dynamic interconnections and functional strength between the BF,
PFC, and posterior PC, which are critical to signal detection in young, remain unknown.
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The goal of this study is to investigate the necessity of prefrontal and posterior
parietal cholinergic innervation to age-related shifts in neural activation patterns during
task performance. Moreover it is pertinent to expand upon human neuroimaging research
and assess neural recruitment patterns in a rodent model of spontaneous aging, which has
not yet been investigated. With the high amount of variability within the human
population, the additional control inherent in rodent research holds great potential for
investigating reserve factors’ mechanistic underpinnings in the future. Due to the
dynamic interactions within the attentional network, we wished to examine which
component (either the PFC or PC) is crucial to PASA expression. In this study, we
evaluated the impact of partial disruption to cholinergic projections in either the PFC or
the PC on attentional function and neural activation patterns within the attentional
network in young and aged rats. Due to its reciprocal connections to the BF and its role in
cognitive control, which is relied upon more heavily in aging, we expected that prefrontal
cholinergic innervations would significantly contribute to PASA expression compared to
posterior parietal cholinergic projections. Thus, we hypothesized that the integrity of
prefrontal cholinergic projections, specifically, is necessary for proper activation of the
compensatory patterns seen in aging, and disruption of these cholinergic projections
would produce attentional deficits in aged rats compared to young rats. Disruption of the
cholinergic innervation of the PC, on the other hand, would not be crucial to the
expression of the PASA pattern, though lesioning it would lead to alterations in prefrontal
activation due to the dynamic interactions of the attentional network as a whole.
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Methods
Subjects
Young (6-8-week-old) and adult (12-month-old retired breeders) male Wistar rats
were obtained from Charles River Laboratories. They were housed in a humidity- and
temperature-controlled room on a 12-hour light/dark cycle (7AM lights on) with full
access to food and water. The 12-month-old adult rats were group housed and allowed to
age further to approximately 21 months old prior to initiation of behavioral training. For
behavioral training, rats were single housed and gradually water restricted in a similar
fashion as described in Chapter 2’s methods. They maintained full access to food
throughout training. To evaluate the impact of partial cholinergic deafferentation on
attentional function and neural activity, young and aged rats underwent intracranial
infusion of either 192-IgG saporin, a cholinoselective immunotoxin, or saline into the
PFC or PC after reaching criterion on SAT. Following recovery, rats’ attentional
performance and neural activity of the PFC, PC, and visual cortex were assessed four
weeks post-surgery, which is the time point of maximal efficacy of the immunotoxin 192IgG saporin on cholinergic terminals (Fig.8). A separate cohort of young and aged rats
that did not perform on SAT was utilized as non-performing controls to verify that the
shifts in neural activity were performance induced. These rats underwent intracranial
infusion of saline and following recovery were habituated to handling and the operant
boxes for 4 weeks. This time point was chosen to maintain a similar time span between
surgery and perfusion for the non-performing and performing groups. All procedures
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were approved by and were in compliance with the Temple University’s IACUC and
NIH guidelines.

Behavioral Training
Young rats initiated training at 3-6 months old while aged rats started at 21-24
months old. Behavioral training was conducted in the same operant chambers and
utilizing the same task contingencies as described in Chapter 2. For a full description of
the SAT and Behavioral Measures, please refer to Chapter 2’s Method section.

Stereotaxic Surgery
After attaining criterion on SAT, rats received partial cholinergic deafferentation through
bilateral infusion of the cholinoselective immunotoxin 192-IgG saporin. Rats were
anesthetized with isoflurane (4% for induction; 1-2% for maintenance), vaporized in 2
L/min of oxygen, and placed in a stereotaxic frame (Model 962; David Kopf Instruments,
Tujunga, CA, USA). Isothermal pads (Braintree Scientific, Braintree, MA, USA) were
utilized throughout the surgery to maintain constant body temperature. Opthalamic
ointment was applied to their eyes to prevent drying, and iodine scrub was applied to the
incision site. A 3cm long incision was made and Bregma was exposed. Four holes were
drilled in the skull and 192-IgG saporin (PFC: 0.5µL per site, 200ng/µL; PC: 0.2µL per
site, 150ng/µL) was infused via a 10µL Hamilton syringe into the PFC (A/P:
+3.7/+2.6mm; M/L: ±0.7mm; D/V: -3.5mm) or the PC (A/P: -4.0/-4.7mm; M/L:
±2.5/3.7mm; D/V: -1.5mm or -1.7mm; Bucci et al., 1998; St. Peters et al., 2011). For
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Figure 8. Neural activation experimental design. Once young (3-6 month) and old (21-24
month) Wistar rats were trained to criterion on SAT, they underwent bilateral infusion of
either 192-IgG saporin, a cholinoselective immunotoxin, or saline for sham controls into
the PFC or PC. Following recovery, rats were maintained on SAT until one month to
permit full efficacy of the toxin, at which point their attentional capacity was assessed.
Shortly after task performance rats were perfused, their brains removed, and tissue
processed for quantitative IHC of cortical neural activity and cholinergic fiber density.

control rats, sterile saline was infused at the same volume into these sites. The incision
was stapled and the rats received an antibiotic (Baytril, 0.01mg/kg), analgesic
(Meloxicam, 2mg/kg), and sterile saline to prevent dehydration. Rats were returned to
their cage to recover with full access to food and water for 2-3 days. The cohort of nonperforming controls was infused with sterile saline into one hemisphere of the PFC and
the contralateral hemisphere of the PC. The hemispheres were counterbalanced. This was
designed to assess both the PFC and PC without generating substantial damage to the
attentional network through bilateral infusions into both regions.

Immunohistochemistry (IHC)
Animals were anesthetized with 25% urethane and transcardially perfused with
200mL of ice-cold heparinized 0.1M PBS, followed by 200mL of 4% PFA. The brain
was extracted and placed in 4% PFA overnight, after which it was transferred to 30%
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sucrose. The brain was frozen at -20°C and sections from the PFC, PC, and visual cortex
were sliced at 50µm on a freezing microtome (SM2000R, Leica, Wetzlar, Germany).
Slices were stored at -20°C in cryoprotectant solution (15% glucose, 30% ethylene
glycol, and 0.04% sodium azide in 0.05M PBS) until needed for staining.
Evaluating overall neural activity induced by behavioral performance in lesion
and sham rats, slices from the PFC, PC, and secondary visual cortex (V2) were stained
for the immediate early gene product c-fos, which is a biomarker of recent neural activity.
Sections from V2 rather than V1 were selected due to limitations of the range of slices
originally obtained and stored. In relation to V1, a larger percentage of the V2 was
captured, permitting for more reliable c-fos-positive estimations from unbiased
stereology. Cholinergic innervation and modulation of extrastriate cortex has been
demonstrated, validating the inclusion of this region for analysis (Barcelo et al., 2000;
Gazzaley et al., 2007). A series of slices ranging from the PFC (Illustration 1; A/P: 4.682.52mm from Bregma), PC (A/P: -3.12-5.40mm from Bregma), and V2 (A/P: -4.44- 7.32 mm from Bregma) underwent the following staining procedure, utilized by Martinez
and colleagues (2005). Slices were washed in TBS, blocked in 0.3% hydrogen peroxide
for 15 min, rinsed, blocked in 10% donkey serum for 1 hr, and then incubated in rabbit
anti-c-fos (1:1000 dilution; Santa Cruz Biotechnology, Dallas, TX, USA) for 48 hours.
Slices were washed in TBST, incubated for 2 hr in biotinylated donkey anti-rabbit
secondary antibody (1:2000; Jackson Immunoresearch Laboratories, Westgrove, PA,
USA), rinsed, and incubated for 1 hr in S-HRP (EMD Millipore). Slices were then
washed and developed in a DAB/Nickel solution. Slices were rinsed in TBS and mounted
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on gelatin-coated slides. All slices were dehydrated and coverslipped with DPX 2-3 days
following staining.
To confirm the extent of the 192-IgG saporin lesion of cholinergic afferents in the
PFC and PC, serial sections were immunostained for ChAT, as described in Chapter 2’s
IHC section.

Image Analysis
Images for cholinergic fiber density were captured in a similar fashion and on the
same microscope and computer as stated in Chapter 2’s Methods. Data from three
sections from each specified region were averaged for each animal and used for group
analysis. For analysis ChAT-positive fiber counts were quantified using Photoshop to
enhance the contrast, manually traced and counted, and expressed as per mm2 area for
further comparison.

Unbiased Stereology
Unbiased stereology was conducted on c-fos-positive cells utilizing
StereoInvestigator software on a Dell Precision T3610 computer, which received input
from a Nikon Optiphot-2 microscope, fitted with an Optronics camera. The general
procedure has been previously discussed (Markham et al., 2007; Chambers et al., 2010).
Briefly, slices were focused at 4x for full visualization and the designated region of
interest was outlined. The image was then magnified to 100x and assessed through oil
immersion. The optical fractionator counting parameters were designated as such:
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Illustration 1. Range of sections for unbiased stereological analysis and representative
sections. Brain slices from the PFC and PC were assessed to ascertain recruitment of the
attentional network, and more specifically regional differences within this network. PFC
slices ranged from +4.2mm to +2.7mm A/P (A), with the primary regions counted
including the cingulate (Cg), prelimbic (PrL) and infralimbic cortices (B). (C) The PC,
which consisted of the medial (MPtA), lateral (LPtA), and posterior parietal cortices (D),
ranged from -3.2mm to -5.2mm along the anterior to posterior axis. In addition to the
attentional network, c-fos-positive cells in the V2, which ranged between -4.5mm to 7.2mm along the A/P axis (E), were counted to determine shifts in basic visual processing
activity. (F) The subdivisions of the V2 assessed encompassed the medial (V2MM) and
lateral (V2ML) cortical regions.

counting frame, 50µm x 50µm and counting frame grids, 250µm x 250µm. C-fos-positive
cells, once in focus, were counted within a 20µm range. To avoid overestimation, cells
that overlapped with the barrier of the counting frame were counted only if crossing the
bottom and left outlined regions, and not those crossing the top and right borders. The
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right and left hemisphere of each region were counted separately for each rat. C-fospositive cell counts were assessed from every fifth section (along the AP axis) of the PFC
and PC and from every seventh section from the V2 to obtain reliable estimations of the
population. C-fos-positive cells were counted within the cingulate, prelimbic, and
infralimbic cortices for the PFC, the medial, lateral, and posterior regions of the PC, and
the medial and lateral V2. The estimated population based on mean section thickness was
then converted from mm2 to mm3 and normalized by the total volume assessed.
Following staining, 50µm-thick sections shrunk to approximately 29.68µm thickness.
The Gundersen’s coefficient of error, which is a measure of reliability, was 0.105 on
average for all rats and did not vary by group or region.

Statistical Analysis
For analyses of baseline differences in attentional function between young and
aged rats, one-way ANOVAs were completed for pre-surgery measures, including trials
to criterion, average SAT score, omissions, and response latencies. A two-way ANOVA
was conducted on post-surgery behavioral data, including average SAT score, omissions,
and response latencies, and estimated c-fos counts for age and lesion effects. Block and
signal effects for SAT score were measured through a split-plot ANOVA. To investigate
hemispheric differences in neural recruitment patterns as suggested in HAROLD, c-fospositive counts in the right and left hemispheres were analyzed separately using two-way
ANOVAs. Applying Pearson’s method, correlations between behavioral measures,
including SAT score for specific signal duration trials, and c-fos counts in the PFC, PC,
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and V2 were completed. A one-way ANOVA was conducted on the cholinergic fiber
density measures in the PFC and PC to confirm the lesion. For any violation of
homoscedasticity or sphericity, the Brown-Forsythe or Greenhouse-Geisser measure,
respectively, was used. Moreover, violations of normality resulted in application of either
the Mann-Whitney U or Kruskal-Wallis one-way ANOVA test. Post-hoc comparisons
between groups were conducted using LSD. A p-value of ≤0.05 was considered
statistically significant.

Results
Subjects
For the entire experiment 84 male Wistar rats were initially included. However,
eleven aged rats were euthanized for health reasons, such as tumor development, or died
naturally. Three aged rats underwent surgery for tumor extraction and following recovery
completed the behavioral paradigm. These rats did not display significantly different
attentional capacity compared to non-tumor rats and thus their data was included in
statistical analyses. In total, 65 Wistar rats (N=33 aged; N=32 young) completed the
behavioral portion of the experiment and 8 rats (N=4 aged; N= 4 young) were utilized as
non-performing controls. For the behavioral analyses, one aged rat was excluded as an
outlier due to significant damage to the PFC generated through surgery, as well as highly
impaired performance.
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Lesion-Induced Decreases in Cholinergic Fiber Density
To verify the efficacy of the cholinoselective immunotoxin and ascertain the
extensiveness of the lesion, cholinergic fiber density measures were analyzed. Overall,
aged rats exhibited lower cholinergic fiber density than young (F1,56=4.65, p=0.04). More
importantly, partial cholinergic deafferentation significantly decreased cholinergic fiber
density for both young and aged rats (F1,56=18.19, p<0.001), with a 19.37% reduction
compared to sham rats (Sham: 128.37±3.79/mm2; Lesion: 105.70±3.89/mm2). Therefore,
a subtle cholinergic lesion was produced in the manipulation group compared to controls.

Attentional Performance in Rats Receiving Prefrontal Infusions
Attentional Capacity Prior to Prefrontal Surgery
Baseline differences in attentional capacity between young and aged rats were
assessed prior to surgery. The rate of acquisition significantly varied by age (Fig.9A;
F1,30=13.12, p=0.001). Aged rats required additional training sessions to attain criterion
on SAT. However, once criterion was obtained both aged and young rats performed
comparably (Fig.9B; F1,30=0.001, p=0.98). Response latencies significantly differed
between young and aged rats, with aged rats exhibiting slower reaction times (Fig.9C;
F1,30=2.87, p=0.007); however, this delay in responding did not impact omission rates
(Fig.9D; U=125.00, p=0.93) and was well within the range of time provided for lever
pressing responses.
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Figure 9. Baseline attentional capacity prior to prefrontal surgical manipulation. (A)
Aged rats required additional training sessions to attain criterion (F1,30=13.12, p=0.001);
however, once they attained criterion, both age groups performed comparably (B;
F1,30=0.001, p=0.98). (C) Despite exhibiting longer response latencies (F1,30=2.87,
p=0.007), aged rats displayed comparable omission rates compared to young (D;
U=125.00, p=0.93). Bar charts are Mean ±SEM. **p<0.01; ***p<0.001

Age-related Effects of Partial Prefrontal Cholinergic Deafferentation on Attentional
Function
The impact of age and partial cholinergic deafferentation was evaluated following
surgery. A significant main effect of age revealed attentional impairments in aged rats
(Fig.10A; F1,28=12.51, p=0.001). However, no effect of lesion (F1,28=0.04, p=0.85) or
interaction between age and lesion (F1,28=0.16, p=0.69) emerged. The increase in agespecific attentional impairments post-surgery may be attributable to enhanced
susceptibility to disruption in aging, as represented by general damage to prefrontal
circuits rather than cholinergic-specific dysfunction. To determine whether the effects of
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cholinergic deafferentation on attention was masked by slight differences in rats’ baseline
attentional capacity prior to surgery, a repeated-measures ANOVA for pre- and postsurgery attentional performance was conducted. A significant interaction between age
group and change in attentional function following surgery was present (F1,28=12.00,
p=0.002); however, this measure did not interact with lesion (F1,28=0.52, p=0.48).
Follow-up analyses demonstrated that attentional capacity of aged rats declined following
surgery, which contrasted with the improvement of attentional performance in young
(Aged: p=0.01; Young: p=0.04). This secondary analysis further supports the finding of
an age-related increase in vulnerability to disruption regardless of infusion type.
All rats displayed a signal duration-dependent decrease in attentional capacity
(Fig.10B; F2,56=424.32, p<0.001), with post-hoc analyses demonstrating that performance
significantly decreased as signal duration shortened (p<0.001 for each signal duration). In
addition, SAT performance was also evaluated by block, so as to assess the capacity to
sustain high attentional load over time. Proper performance did not vary by block
(F2,56=0.48, p=0.62) but interacted with age (F2,56=3.11, p=0.05). Further evaluation
through post-hoc analyses demonstrated that attentional capacity declined over time
within the session for young rats but increased over the training session in aged rats,
producing significant age-related differences in attentional performance during Block 1
and Block 2, but comparable performance in Block 3. No additional interactions between
block and lesion (F2,56=0.27, p=0.76) and block X age X lesion (F2,56=1.10, p=0.34) were
noted. These opposing shifts in performance across training session may be indicative of
young rats being unable to maintain a high level of attentional function for an extended
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period of time. Conversely, aged rats’ attentional capacity may benefit from practice and
thus strengthen with performance feedback. Attentional performance across session (i.e.,
blocks) interacted with signal duration-dependent performance and the lesion condition
(Block X Signal X Lesion: F2,56=2.858, p=0.03). Sham rats significantly declined in
attentional capacity in the final block of trials, on shorter signal duration trials
specifically (50ms), compared to their lesioned counterparts (p=0.04). Previous research
has noted age-related impairments in attentional capacity emerging under more
challenging conditions (Burk et al., 2002; Herzog et al., 2003). Surprisingly, aged rats
with cholinergic deafferentation do not exhibit an exacerbation of this pattern.
Aged rats were significantly slower to respond on signal and non-signal trials as a
whole (Fig.10C; F1,28=4.80, p=0.04). No lesion effect or interaction of age and lesion on
latencies was observed (p>0.05). Omission rates remained comparable between groups
(Fig.10D; Age: F1,28=0.02, p=0.89; Lesion: F1,28=1.61, p=0.22; Age X Lesion: F1,28=1.02,
p=0.32), suggesting that although aged rats were slower to respond they remained
motivated to complete the task.

Attentional Performance in Rats Receiving Parietal Infusions
Baseline Attentional Capacity between Young and Aged Rats Prior to Parietal Surgery
Similar to rats in the prefrontal experiment, young and aged rats were assessed for
baseline differences in attentional function. Despite requiring additional training sessions
to attain criterion (Fig.11A; F1,30=8.47, p=0.007), aged rats displayed similar attentional
function to young prior to surgery (Fig.11B; F1,30=1.002, p=0.33). Response latencies
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Figure 10. Impact of prefrontal cholinergic deafferentation on attentional function in
young and aged rats. (A) Following surgery, aged rats exhibited attentional impairments
compared to young (F1,28=12.51, p=0.001). Both age groups exhibited a vigilance
decrement, illustrated by signal duration-dependent declines in performance (B).
Consistent with pre-surgery performance, aged rats were slower to lever press
irrespective of partial cholinergic pruning (C; F1,28=4.80, p=0.04). Moreover, omissions
did not vary by age or infusion type (D; p>0.05). Bar charts are Mean ±SEM. *p<0.05;
***p<0.001

significantly differed between young and aged rats (F1,30=2.201, p=0.04), with aged rats
displaying a slowed lever press response (Fig.11C). However, no age-related differences
in omission rates were noted (Fig.11D; U=90.50, p=0.16).
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Figure 11. Baseline attentional performance in young and aged rats prior to parietal
infusion. (A) Aged rats required additional training sessions to attain criterion
(F1,30=8.47, p=0.007); however, once they attained criterion, both age groups performed
comparably (B; F1,30=1.002, p=0.33). (C) Despite exhibiting longer response latencies
(F1,30=2.201, p=0.04), aged rats displayed comparable omission rates compared to young
(D; U=90.50, p=0.16). Bar charts are Mean±SEM. *p<0.05; **p<0.01

Age- and Lesion-Dependent Effects on SAT Performance Following Partial Parietal
Cholinergic Deafferentation
A split-plot ANOVA evaluating the impact of parietal cholinergic pruning on agerelated attentional performance within the context of varying signal duration displayed a
significant main effect of lesion (Fig.12A; F1,28=4.48, p=0.04) but not of age (F1,28=0.18,
p=0.67) or an interaction of the two factors (F1,28=0.31, p=0.86). Overall attentional
performance varied by signal duration (Fig.12B; F1.67,46.73=267.00, p<0.001), whereby
post-hoc analyses revealed performance declines in a step-wise manner from the longest
signal duration (500ms) to each shorter signal duration (50ms and 25ms; p<0.001 for
68

each comparison). No interactions between signal and the between-subject factors were
observed (signal X age: F1.67,46.73=2.79, p=0.07; signal X lesion: F1.67,46.73=1.26, p=0.29;
signal X age X lesion: F1.67,46.73=0.07, p=0.94).
A split-plot ANOVA conducted to evaluate attentional performance across
session trials (i.e., blocks) revealed a main effect of block (F2,56=6.66, p=0.003). A
follow-up post-hoc analysis demonstrated that sustained attention performance
significantly improved from the first block to the second block (p=0.001) and remained
stable in the third block, compared to the first (p=0.014). Thus, all rat groups displayed
similar attentional performance across blocks (p<0.05). No interactions between block
and the two between-subject factors were observed (block X age: F2,56=2.29, p=0.11;
block X lesion F2,56=1.25, p=0.30; block X age X lesion: F2,56=0.43, p=0.66). No
additional interactions between performance on signal durations across blocks emerged
amongst the age or lesion groups across training session, regardless of the lesion-induced
deficits in attentional capacity.
Response latencies across trials varied significantly by age (Fig.12C;
F1,19.61=5.80, p=0.03) but not lesion (F1,28=0.00, p=0.98). Age and infusion type did not
interact to elicit differential effects on response latencies (F1,28=0.26, p=0.61). Aged rats
were slower than young rats to lever press for trials as a whole. However, similar to PFCinfused rats, omission rates remained comparable between groups (Fig.12D; Age:
F1,28=0.23, p=0.63; Lesion: F1,28=1.872, p=0.18; Age X Lesion: F1,28=0.25, p=0.62).
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Figure 12. Impact of partial cholinergic pruning of the PC on attentional function in
young and aged rats. (A) Partial parietal cholinergic deafferentation produced attentional
deficits regardless of age (F1,28=4.48, p=0.04). (B) Attentional performance remained
signal duration-dependent across groups (F1.67,46.73=267.00, p<0.001), with greater
impairments on shorter signal durations (p<0.001 for each comparison). (C) Aged rats
continued to lever press more slowly than young (F1,19.61=5.80, p=0.03); however
omissions remained comparable between groups (p>0.05). Data are represented as mean
±SEM. *p<0.05; ***p<0.001.

Age- & Lesion-Related Neural Activation Patterns
On average rats were perfused 54±1min. after completion of SAT. Based on
studies verifying the time point and peak of c-fos protein expression (Xiu et al., 2014)
and the general length of the task (approximately 40-50min.), perfusions at this time
point would provide optimal c-fos expression of brain regions active during the task. Due
to irregular perfusion conditions (i.e., following no task or a different version of the
SAT), three rats were excluded from neural activation analyses. In addition, the outlier
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that was removed from the behavioral analysis was also removed from the neural
activation analyses to maintain consistency.
Stereological assessment of neural activity in the prefrontal, parietal, and visual
cortices was conducted for rats infused in the PFC and PC. Non-performing controls
displayed significantly reduced c-fos-positive cells in total, with lower levels of activity
observed across all regions (F1,66=5.95, p=0.02). For performing and non-performing rats,
no hemispheric differences were observed within each region (p>0.05). Therefore, for the
following analyses the c-fos estimations between hemispheres were collapsed.

Age-related Alterations in Regional Recruitment Following Prefrontal Infusion
Neural activity did not vary by age, infusion type, or an interaction of the two
factors within the PFC (Fig.13A; Age: F1,26=0.55, p=0.47; Lesion: F1,26=0.24, p=0.63;
Age X Lesion: F1,26=0.42, p=0.53), PC (Fig.13B; Age: F1,26=3.59, p=0.07; Lesion:
F1,26=1.57, p=0.22; Age X Lesion: F1,26=0.45, p=0.51), or V2 (Fig.13C; Age: F1,26=1.37,
p=0.25; Lesion: F1,26=2.30, p=0.14; Age X Lesion: F1,26=0.63, p=0.43). To evaluate the
shift of regional activation hypothesized by PASA, ratios of each component of the
attentional network in relation to the visual cortex were generated (i.e., PFC:V2 and
PC:V2). Interestingly, a main effect of age emerged for the parietal-to-visual ratio
(Fig.13D; Age: F1,26=5.39, p=0.03) but not in the prefrontal-to-visual ratio (Fig.13E;
Age: F1,26=2.27, p=0.14), demonstrating heightened responsivity of the attentional
network, and more specifically the PC, compared to basic sensory processing regions in
aging. However, no effect of lesion or an interaction between age and lesion were noted
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Figure 13. Neural activation levels of the PFC, PC, and V2 following prefrontal infusion.
Age and lesion groups did not differ in general activity of the PFC (A), PC (B), and V2
(C; p>0.05). On the other hand, analyzing shifts in neural recruitment between the
attentional network and V2 displayed a significant age-related enhancement in parietal
recruitment in conjunction with lower visual activation (F1,26=5.39, p=0.03). (E) This
shift, however, was not observed in the prefrontal-to-visual ratio (F1,26=2.27, p=0.14).
Bar charts are Mean ± SEM; *p<0.05.

in these ratios (PFC:V2 ratio: Lesion: F1,26=1.30, p=0.27; Age X Lesion: F1,26=0.72,
p=0.40; PC:V2 ratio: Lesion: F1,26=0.04, p=0.85; Age X Lesion: F1,26=1.62, p=0.22). As
predicted, an age-related shift in regional neural activation was observed, albeit with
increased recruitment in a different region of the attentional network, the PC, than
originally hypothesized. Moreover, cholinergic deafferentation did not significantly alter
the anterior shift of neural recruitment in aged rats, demonstrating that prefrontal
cholinergic innervation is not crucial to maintaining this shift.
72

Shifts in Prefrontal Recruitment Following Partial Cholinergic Pruning in the Parietal
Cortex
In contrast to the PFC-infused rats, rats infused into the PC displayed group
differences in neural activation of the PFC (Fig.14A) but not parietal (Fig.14B; Age:
F1,26=0.17, p=0.68; Lesion: F1,26=0.17, p=0.69; Age X Lesion: F1,26=0.27, p=0.61) or
visual cortices (Fig.14C; Age: F1,26=0.43, p=0.52; Lesion: F1,26=0.24, p=0.63; Age X
Lesion: F1,26=0.05, p=0.88). Analysis of prefrontal c-fos-positive counts displayed an age
by infusion type interaction (F1,26=4.35, p=0.05), though no main effect of either factor
alone was present (Age: F1,26=0.00, p=1.00; Lesion: F1,26=0.29, p=0.60). Post-hoc
analyses of the interaction demonstrated a significant reduction in activation between
young sham and aged sham (p=0.02), with aged controls exhibiting less prefrontal
activity. No regional differences in recruitment of the attentional network in relation to
visual cortical regions were observed through assessment of the ratios (Age, lesion, and
age X lesion: p>0.05). Based on these findings, partial cholinergic pruning of the PC
elicited shifts in prefrontal activity in an age-dependent manner.

Neural Activation Across Infusion Regions
To obtain a holistic assessment of neural activation patterns in aging across
infusion site, c-fos-positive levels in the PFC, PC, and V2 were evaluated between PFCinfused and PC-infused rats in a three-way ANOVA. Prefrontal activation differed
between PFC-infused and PC-infused rats (F1,52=13.62, p=0.001), where PFC-infused
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Figure 14. Neural activation levels of the PFC, PC, and V2 following parietal infusion.
(A) Cholinergic pruning of the PC elicited corresponding shifts in prefrontal activation in
an age-dependent manner (F1,26=4.35, p=0.05), with post-hoc analyses demonstrating an
age-related decrease in activity between young and aged controls (p=0.02). No
differences in neural activity were observed between groups within the PC (B) and V2
(C). Bar charts are Mean ± SEM; *p<0.05

rats exhibited higher recruitment. This effect was present in the left and right PFC (Left:
F1,52=14.25, p<0.001; Right: F1,52=10.73, p=0.002), with the left hemisphere also
exhibiting a significant age X infusion type X infusion site interaction (F1,52=5.29,
p=0.03). Post-hoc analyses demonstrated that in addition to the age X infusion interaction
present within the PC-infused rats, prefrontal activation of the left hemisphere was
significantly higher in PFC-infused aged sham and young lesion rats compared to their
PC-infused counterparts (Aged sham: p=0.001; Young lesion: p=0.02) but not for aged
lesion and young sham (Aged lesion: p=0.45; Young sham: p=0.63). No additional
differences were observed in the PC and V2 between PFC-infused and PC-infused rats
(p>0.05). These data suggest that surgical manipulation of the PFC resulted in increased
neural activity for selective groups. Moreover, this effect appeared to be selective to
prefrontal, rather than parietal, infusion.
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Age-specific Relationships between Attentional Function & Neural Activation
To relate neural activation patterns with attentional performance, correlational
analyses were conducted. Delving into the prefrontal neural activation patterns noted in
the PC-infused rats, correlations were conducted to elucidate whether parietal or
prefrontal activation following parietal cholinergic deafferentation was more highly
associated with the attentional deficits that emerged in the lesion group. The degree of
prefrontal, rather than parietal, recruitment was positively correlated with attentional
performance on the easiest signal duration (500ms; PFC: r2=0.37, p=0.05; PC: r2=0.00,
p=0.99). Despite the lack of hemispheric differences in neural activity of the PFC, this
relationship was only present in the left hemisphere. Under normal conditions, attentional
performance on SAT is right hemisphere-dominant. Supplemental recruitment via the left
hemisphere may provide additional stability to attentional function. To investigate
whether young and aged rats are relying on the same mechanism, the correlation was
completed separately by age. When parsing apart this analysis by age, only young
continued to display this significant relationship (Fig.15A; r2=0.54, p=0.03), while aged
rats did not (Fig.15B; r2=0.26, p=0.38).
Due to shifts in neural activation patterns of all investigated regions across both
PFC-infused and PC-infused aged rats, another consideration to take into account is that
the regional shifts that aged rats are exhibiting are associated with attentional function
more so than individual regions. Therefore, the ratios of prefrontal-to-visual and parietalto-visual were correlated with attentional performance. However, no significant
relationship emerged (p>0.05). Beyond the shift between each attentional component and
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Figure 15. Associations between attentional function and neural activity by age. (A)
Young sham and lesioned rats infused into the PC displayed a positive correlation
between left prefrontal recruitment and attentional performance on the longest signal
duration (r2=0.54, p=0.03). However, this relationship was not present in aged rats
infused into the PC (B; r2=0.26, p=0.38). Evaluating activation of the entire attentional
network, thus including PFC and PC neural recruitment, in relation to performance
displayed no significant correlation for young rats (C). On the other hand, aged rats
exhibited a negative relationship between overall recruitment of the attentional network,
and more specifically the right hemisphere, and attentional function under high
attentional load (i.e., short signal duration trials; D).

visual activation, recruitment of the attentional network as a whole, including c-fos
estimates from PFC and PC displayed a significant negative association with attentional
performance on the hardest signal trial type (25ms; Fig.15D; r2=0.49, p=0.008). Young
rats did not exhibit this relationship (Fig.15C; r2=-0.02, p=0.92). This correlation is also
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hemisphere-specific, with increased recruitment of the attentional network in the right
hemisphere related to worse performance. Hyperactivation of the task-dependent
hemisphere may signify that the increase in neural activation observed in aging is indeed
not compensatory but rather may be representative of an increase in noise (i.e., neural
processing of irrelevant information) in a hemisphere specialized for attentional function.
These findings suggest that shifts in neural activity relate to attentional function;
however, the underlying mechanisms relating these two factors are more than likely not
similar in young and aged rats. If they are similar, age-related alterations, potentially in
the connectivity of the attentional network or neural processing efficiency, have
weakened these mechanisms.

Discussion
This experiment evaluated the necessity of BF cholinergic circuity in maintaining
the age-related neural reorganization pattern termed PASA. Moreover, a rodent model of
spontaneous aging was utilized to examine the species specificity of the expression of
PASA and its potential compensatory role for cognitive function in aging. PASA is
characterized by a reduction in neural activity of visual cortical regions and a
corresponding increase in prefrontal regions (Davis et al., 2008). This is hypothesized to
signify a shift in functional recruitment from basic sensory processing regions to
cognitive control areas. Partial cholinergic deafferentation of the cortex was utilized to
investigate the impact of subtle disruptions in cholinergic modulation on attentional
function and neural activation patterns in aging. Two subcomponents of the cholinergic
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circuitry, the PFC and PC, were targeted for infusion due to their well-established roles in
attentional processing and direct electrochemical associations with attentional
performance on SAT. Optimal performance on SAT is dependent upon the integrity of
BF cholinergic neurons and their cortical innervations (Broussard et al., 2006; Parikh et
al., 2007; Broussard, 2012; Howe et al., 2013).
Attentional deficits arose in aged PFC-infused rats regardless of cholinergic
pruning. No impact of prefrontal cholinergic deafferentation was observed in young and
aged rats. Age-specific attentional impairments suggest that aging increased susceptibility
to disruption. However, this enhanced vulnerability was only observed following
prefrontal rather than parietal infusion, indicating that the prefrontal circuitry as a whole
(including cholinergic and noncholinergic factors) is critical to attentional function in
aging. Young rats may be more resilient to these non-specific cortical disruptions because
of their capacity for plastic adaptations to injury and recruitment of compensatory
mechanisms (Parikh et al., 2013). Speculatively, young lesioned rats may be capable of
either utilizing the remaining prefrontal cholinergic afferents sufficiently for normal
attentional function or capitalizing on non-cholinergic circuits to compensate.
Neither mechanical disruption (due to surgery) nor cholinergic pruning of the
PFC produced changes in neural recruitment of the PFC, PC, or visual regions in young
rats. General disruption of the PFC in aged rats resulted in increases in neural recruitment
of parietal cortical regions in relation to visual cortical areas. This pattern of activation
may be representative of two potential mechanisms. First, heightened reliance upon the
unaffected attentional component (the PC) may arise due to the PFC being incapable of
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compensating for lowered neural activity in the visual cortex. This interpretation would
support the concept of PASA, in which inefficient processing of visual stimuli produces
greater reliance upon higher-order processing areas to compensate and normalize
behavior. However, due to the attentional deficits present in the aged group, this
reasoning does not appear valid. A second and more plausible explanation for the
observed patterns, which is supported by the literature, is that prefrontal disruption
impaired the exertion of top-down control on the PC, which resulted in aberrant increases
in activation. In addition, under normal conditions the prefrontal cortex receives inputs
from various sensory modalities and sends feedback to these regions to facilitate
processing of relevant stimuli within that modality (Golmayo et al., 2003). The PFC also
transmits sensory-based neural information to the BF, which in conjunction with the PFC,
enhances signal processing (Rasmusson et al., 2007). Thus, disruption of this critical topdown component may result in reduced visual activation due to loss of facilitative
signaling.
An alternative possibility to the age-specific decline in attention is that subtle
attentional impairments produced by partial cholinergic deafferentation are masked by
the stronger age-related impairments. However, when comparing pre- and post-surgery
attentional performance, aged lesion rats did not display significantly greater deficits
following surgery compared to aged sham and no effect of prefrontal cholinergic pruning
on neural activation patterns was observed. The extent of the lesion produced was mild
compared to previous studies (Gill et al., 2000; McGaughy et al., 2002; Dalley et al.,
2004; Broussard et al., 2009) and may not have been sufficient to elicit robust attentional
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deficits. Therefore, non-specific disruption in the form of sham surgery produced
indistinguishable effects on attentional function and neural activation as to rats with
partial cholinergic deafferentation.
Counter to PFC-infused rats, reductions in cholinergic afferents in the PC
generated attentional deficits in both young and aged rats, while sham rats exhibited
normal attentional function. Despite evidence that partial cholinergic pruning would
produce behavioral impairments under distracting rather than baseline conditions,
disruption of attentional function following loss of cholinergic innervation to the PC is
not unusual given its known role in attention and in contributing to neural processing for
signal detection (Broussard et al., 2006; Broussard et al., 2009; Broussard et al., 2012).
Firing rates within the posterior PC have been associated with correct responding for
signal trials (i.e., hits) but not for unperceived signals (i.e., misses). Following
cholinergic deafferentation these signal-evoked firing rates decreased while non-signal
evoked firing rates increased, demonstrating the dysregulation of the signal-to-noise ratio
in the cortex. Young and aged lesion rats displayed comparable levels of attentional
impairment, indicative of the importance of cholinergic afferents in the PC for both ages
in eliciting optimal attentional function.
Neural activation patterns following PC infusion displayed similar parietal and
visual cortical recruitment amongst the age and lesion groups. Prefrontal recruitment, on
the other hand, exhibited divergent patterns between manipulation and age parameters.
Following partial cholinergic pruning of the PC, young rats displayed reduced activation
of the PFC. This downward shift has two implications. First, although severely
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understudied, the posterior PC is capable of modulating prefrontal activity. Substantial
research has evaluated the top-down control that neural signaling within the PFC exerts
over the posterior PC; however, limited research has been conducted on feedback from
the posterior PC to the PFC. For instance, glutamatergic and cholinergic stimulation of
the PFC elicits increases in ACh efflux in the posterior PC, but similar stimulation of the
posterior PC produces no change in prefrontal cholinergic release (Nelson et al., 2005).
These data have contributed to the notion that the PFC, which receives input from
multiple sensory cortical regions and projects to cortical and subcortical areas in a
facilitative fashion, exerts top-down control, while the posterior PC represents bottom-up
processing and is one of the modulatory targets of the PFC. Despite the lack of strong
neuroanatomical and pharmacological evidence, these neural activation patterns allude to
the presence of a communicative line from the PC to the PFC. In addition, a lack of
cholinergic efflux does not rule out all communication; the PC may exert its effects on
the PFC through projecting glutamatergic or GABAergic neurons, which do not further
activate ACh but rather other neuronal populations. It also remains unknown whether this
feedback is provided directly to the PFC or through indirect activation of other circuitry,
such as subcortical structures like the BF or alternative modulatory systems. The second
implication of decreased prefrontal recruitment in young rats with partial cholinergic
pruning in the PC is that cholinergic afferents to the PC specifically serve a modulatory
role of this parietal-prefrontal connection. Although cholinergic afferents to the posterior
PC have been conceptualized as modulating local circuits of glutamatergic and
GABAergic cortical neurons, their capacity could be extended to projecting circuits as
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well. Future studies involving tracing and electrochemical recordings of prefrontal
glutamatergic changes following posterior PC stimulation pose a critical step in
elucidating the dynamic interaction of the attentional network.
In turn, aged control rats exhibited significantly lower prefrontal recruitment than
their young counterparts, and partial cholinergic deafferentation of the PC normalized
these activation levels to be comparable to young sham. The lower prefrontal baseline
activity levels in aged sham compared to young sham may be indicative of (1) increased
efficiency of the PFC or the attentional network as a whole, or (2) synaptic loss in aging,
resulting in activation of fewer, though functional, prefrontal circuits. Connectivity
research demonstrates that local neural efficiency and connectivity within the frontoparietal network declines with age (Song et al., 2014; Geerligs et al., 2015). Synaptic
pruning, on the other hand, increases with rising age (Morrison and Baxter, 2012) and
thus slight disruptions of the circuit produce greater detriments in aged rather than young,
as observed in the PFC-infused rats. However, under normal (non-injury) conditions
fewer synapses, though critical and functional, would modulate fewer cells, and in turn
manifest as a reduction in neural activation measures. Therefore the capacity of aged rats
to maintain comparable attentional function while recruiting fewer cells may be due to a
reduction in synaptic density within the PFC. The rise in neural activation following
partial PC cholinergic lesion of aged rats is indicative of (1) a feedback loop from the
posterior PC to the PFC as discussed above and (2) an increase in neural noise due to the
significant decline in attentional performance. Due to the divergent patterns observed in
young and aged neural recruitment, it is likely that the connection between the PC and
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PFC may be indirect and age-related changes in connectivity between the attentional
network and any mediating regions may alter the dynamic regulation of the two regions.
In addition to lower and more dispersed activity of the PC in aging, transcranial magnetic
stimulation of the parietal lobe does not elicit significant activation of the prefrontal
cortex, suggesting a weakening of the prefrontal-parietal network in aging (Yamanaka et
al., 2014).
Moreover, prefrontal activation levels following parietal cholinergic
deafferentation were found to share a strong relationship to attentional performance,
while this was not observed in relation to the PC. This suggests that emergence of
attentional deficits following pruning of cholinergic projections in the PC was not due to
shifts in neural patterns in the PC directly but rather the decrease in prefrontal activation.
In contrast, aged rats did not exhibit a similar strong relationship between neural
activation patterns of either the PFC or PC and attentional performance. Instead aged
rats’ attentional performance was significantly associated with activation of the
attentional network as a whole, and more specifically the right hemisphere. However,
unlike young rats, increased neural activation was found to be related to worse
performance on the most challenging signal trial types (i.e., 25ms signal duration).
Neuroimaging research has demonstrated increased activation in response to trials of
greater difficulty (Grady et al., 1998; Konishi et al., 1998; Rypma and D’Esposito, 2000;
Braver et al., 2001). In aging this has been associated with elderly exhibiting heightened
neural recruitment compared to young on similar tasks, which has been interpreted as
tasks being more challenging for elderly. Based on this interpretation, the correlation
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between neural activation and performance on the most difficult signal trial type suggests
that aged rats’ heightened recruitment of the attentional network was in response to the
difficult task but the maximum level attained was still insufficient to perform comparably
to young. However, due to the negative nature of the correlation, these findings argue
against the “difficulty” interpretation. In contrast, increased recruitment was associated
with worse performance and thus did not serve a compensatory role, as has been assumed
in a proportion of neuroimaging research.
These findings contrast with the majority of neuroimaging research displaying
heightened prefrontal activation in aging in combination with beneficial cognitive
function (Reuter-Lorenz et al., 2000; Cabeza et al., 2002; Rosen et al., 2002; Cabeza et
al., 2004; Davis et al., 2008). One explanation for the discrepancy is that BOLD signals
are not solely measuring neural activity, as represented by the c-fos marker. Only one
study examined and positively correlated both measures (Thanos et al., 2013); however,
this was conducted in young rats and does not account for age-related variations in
vascularization (Ambrose, 2012), which may account for slight increases in blood level
changes. Discrepancies between c-fos and BOLD signals suggest that each measure
provides discrete information, which may not mirror one another (Stark et al., 2006).
Moreover, BOLD signals may be integrating activity of glia, such as astrocytes that
modulate synaptic transmission (Schummers et al., 2008). C-fos, on the other hand, is
exclusively active in neurons. Despite illustrating changes in overall activation levels,
BOLD signals are unable to determine whether deactivation is due to heightened
recruitment of GABAergic circuits or a decrease in excitatory inputs. C-fos, however, is
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limited in its inability to represent reduced activation of downstream targets (Stark et al.,
2006). Determining the phenotype of neural activation through colocalization analyses
will be crucial in future studies for characterizing activation as excitatory (glutamatergic)
or inhibitory (GABAergic).
A subset of neuroimaging studies has observed similar negative associations
between cognitive capacity and neural recruitment, matching with the current data (Li et
al., 2001; Sambataro et al., 2012). Those findings have shaped the development of the
dedifferentiation hypothesis in aging, which posits that specialized functional circuits
decline in aging and alternative brain regions are recruited to compensate. However, due
to the unspecialized nature of the recruited regions, an increase in neural activity in
concert with a loss of efficiency arises. Therefore, based on this hypothesis, increased
neural activation in the current study represents higher levels of noise, or neural signals
processing irrelevant information or processing relevant information less effectively. This
interpretation fits with the negative correlation observed between attentional function and
neural activation levels.
The primary limitation of the current study is the impact that prefrontal surgery
generated in aged rats. This disruption potentially alters neural activation patterns, thus
shifting baseline neural activity and resulting in limited comparisons within the aged
group. Comparisons between PFC-infused and PC-infused aged sham rats is suggestive
that indeed mechanical disruption induced by the surgery increased prefrontal
recruitment. However, without the appropriate control condition (non-surgical aged
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control) it is not feasible to make a definitive statement on this significant difference in
neural recruitment.
Based on the original hypotheses, these findings suggest that although an anterior
shift is observed in aging, it (1) arises following general insult to the PFC, (2) is exhibited
in the PC rather than PFC, and (3) does not serve a compensatory role. Moreover, the BF
cholinergic system does not seem to be critical to this shift in neural organization.
However, this research captured the changing and dynamic nature of the attentional
network in aging. It demonstrated that aging is associated with increased susceptibility of
the PFC to general disruption. Moreover, aberrant prefrontal function in both young and
aged rats generated attentional impairments. This supports the concept that the enhanced
neural activity observed in aging represents reduced specialization of neural circuits and
increased noise during task performance. Therefore, the integrity of the attentional
network is crucial to signal detection, and the prefrontal circuitry specifically is critical in
aging, with disruptions producing aberrant neural recruitment and substantial attentional
impairments.
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CHAPTER 4
CONCLUSION
Optimal attentional function is dependent upon the integrity of corticopetal
cholinergic afferents. Due to mixed evidence of attentional decline in aging, it is unclear
whether subtle attentional deficits arise with age or if the inclusion of healthy elderly with
preclinical amnesiacs had confounded the findings. BF cholinergic function remains
intact in normal aging but deteriorates in pathological aging. Cholinergic compromise,
enacted through cholinergic deafferentation or weakening of its neurotrophic support
system, has been shown to interact with aging to produce more robust attentional
impairments. Previous cross-sectional research found age-related attentional deficits
following trkA reduction in the BF (Parikh et al., 2013). However, exploration of aging’s
impact on low trkA levels is best examined through longitudinal assessment, which is
more representative of the conditions in which aging elicits its effects in humans.
Thus, in Chapter 2 the interaction of developmental trkA suppression in the BF
with aging was investigated through a more representative longitudinal design.
Irrespective of infusion type, rats displayed gradual attentional decline with advancing
age, especially for trials with higher attentional load. Despite reductions in trkA levels in
the BF and observed shrinkage of BF cholinergic neurons in 6-week-old rats, aged Wistar
rats trained and maintained on SAT throughout adulthood and old age exhibited
equivalent attentional capacity on the behavioral measure, comparable phasic and tonic
cholinergic transmission in the mPFC, and similar markers of cholinergic integrity in the
BF and PFC regardless of trkA knockdown. The lack of attentional detriment in trkA-
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suppressed aged rats indicates the recruitment of a compensatory mechanism in
bolstering cholinergic integrity and stabilizing attentional function. A primary candidate
for enacting neuroprotection against the early loss of neurotrophic support is the factor of
lifelong cognitive engagement.
Based on the reserve hypothesis, regular cognitive activity, high educational
attainment, and a mentally engaging occupation are associated with better cognitive
function and resiliency to neural insults, as demonstrated through brain injury findings
(Stern, 2009). In addition, it is hypothesized that elderly with high reserve levels also
exhibit delayed development and a shorter progression of AD, thus implicating this
protective feature as a potential preventative treatment for pathological aging (Amieva et
al., 2014). The concept of reserve may account for the comparable attentional
performance and cholinergic capacity observed between control and trkA-suppressed
rats. Cognitive reserve would posit that the consistent participation in the attentional task
for the majority of the lifespan served as a protective measure, potentially by activating a
compensatory mechanism that overcame cholinergic compromise and bolstered the
weakened corticopetal cholinergic system.
To further explore the notion of reserve and the engagement of compensatory
mechanisms in aging specifically, the second experiment discussed in Chapter 3
evaluated a consistent finding in the neuroimaging literature of age-related frontal
hyperactivity and its potential compensatory role in countering decline of basic sensory
processing. Due to the modulatory role of the cholinergic system and the necessity of
attention in subserving other cognitive processes, the BF cholinergic system was
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examined for its functional impact on this hypothesized frontal recruitment. Moreover,
this study also lent to the investigation of how cholinergic disruption, which is a primary
marker in AD, alters neural activation patterns and this potential compensatory
mechanism specifically. Partial cholinergic deafferentation of subcomponents of the
attentional network, including the PFC and PC, produced differential effects on behavior
and neural recruitment patterns in young and aged rats. Overall, disruption of prefrontal
circuitry resulted in aberrant cortical activation patterns and manifested as attentional
impairments. The findings of this study accentuate the heightened dependence upon the
PFC in aging, and in turn, the corresponding increase in vulnerability if this cortical
region is disrupted. In addition, age-related shifts in the functionality of the attentional
network may arise to engage different mechanisms following insult compared to
mechanisms engaged by youth. Counter to the majority of neuroimaging research, agerelated frontal hyperactivity was not observed in rats. In addition, when neural activation
levels rose in the attentional network, it was associated with worse performance, arguing
against the notion of increased activation representing compensation. The disparity
between fMRI findings and these results may be attributed to the differing measures of
neural activation: the BOLD signal compared to the neural biomarker c-fos.
Overall, lifelong cognitive engagement may serve as a protective measure in
stabilizing cognitive function in old age and normalizing predisposed weaknesses of
neurotransmitter systems. Moreover, it may serve as a potential preventative treatment
for delaying the onset of pathological aging. Cognitive training paradigms for elderly are
currently being developed to capitalize on this exact notion. The mechanism by which
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this scaffolding occurs, however, remains unclear. Based on these data, enhanced frontal
recruitment, as suggested in the PASA hypothesis, is an unlikely candidate. In contrast,
these findings support the dedifferentiation hypothesis of reduced neural efficiency in
aging. It still remains to be examined what alternative factors, such as mitochondrial
metabolism, neuroinflammatory sensitivity, and plasticity capacity, may dissociate lowor high-reserve elderly. Regardless, attentional function is highly vulnerable to disruption
in aging, with mild insults producing significant deficits in attentional capacity. However,
these data provide evidence that cognitive reserve may be capable of stabilizing and even
normalizing the functionality of a compromised system following insult. These findings
also accentuate the plasticity of the young brain in overcoming developmental insults.
Future research will need to determine the age and temporal restrictions surrounding the
success of recovery following insult if reserve factors, such as cognitive engagement, are
utilized as treatment.
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